Introduction {#s1}
============

Retrotransposons are genetic elements that move within the host genome through a 'copy and paste' process utilizing an RNA intermediate. 17% of the human genome is made up of copies of the Long Interspersed Nuclear Element-1 (LINE-1 or L1) retrotransposon ([@bib51]). L1 is the only autonomous human retrotransposon able to 'jump' through a process called retrotransposition. The full length, active L1 retrotransposons consists of a 5' untranslated region (UTR) containing a bidirectional promoter ([@bib75]; [@bib81]), two open reading frames (ORFs), ORF1 and ORF2, separated by a short inter-ORF region and a 3' UTR with a weak polyadenylation signal ([@bib30]; [@bib27]; [@bib14]; [@bib15]). A short, primate specific, third ORF of unknown function called ORF0 was also described in the 5'UTR of L1 with an antisense orientation compared to ORF1 and ORF2 ([@bib26]). Upon transcription by RNA polymerase II, the 6 kb bicistronic L1 mRNA is poly-adenylated and exported into the cytoplasm. LINE-1 exhibits 'cis-preference' ([@bib85]), the mechanism of which is unknown. A popular model posits that newly translated ORF1 and/or ORF2 proteins preferentially bind the mRNA molecule that encoded them ([@bib9]). Interestingly, translation of the second ORF, ORF2p, is mediated and regulated by an unconventional process that remains poorly understood ([@bib1]).

ORF1p is an RNA binding protein with chaperone activity ([@bib58]; [@bib47]) while ORF2p contains domains with endonuclease (EN) and reverse transcriptase (RT) activity ([@bib32]; [@bib59]; [@bib86]). It is believed that ribonucleoprotein particles (RNPs), consisting of many ORF1p molecules, as few as one or two ORF2ps and one L1 mRNA ([@bib47]; [@bib6]; [@bib20]) form in the cytoplasm. The RNP is then imported into the nucleus through a still uncharacterized process. L1 RNPs accumulate in cytoplasmic stress granules (SGs) and processing bodies (PBs) ([@bib36]; [@bib45]; [@bib29]), but the role of these cellular structures in the L1 lifecycle is still controversial. L1 RNPs accumulate mainly in the cytoplasm but nuclear ORF1p was also observed in a certain percentage of cells using cell lines and cancer specimens ([@bib74]; [@bib71]; [@bib28]; [@bib36]; [@bib42]). While several specific antibodies against ORF1p have been raised ([@bib84]; [@bib87]; [@bib31]), a highly effective antibody against ORF2 protein that would allow definitive observation of protein localization is still lacking. Antibodies against LINE-1 ORF2p have been recently developed ([@bib25]; [@bib73]) but the much lower amount of expressed ORF2p compared to ORF1p makes the study of ORF2p expression and localization difficult. To overcome these difficulties, tagged ORF2ps have been employed ([@bib84]; [@bib29]).

In the nucleus, L1 endonuclease nicks the DNA at A/T rich consensus target sites (5'-TTTT/AA-3') ([@bib32]) and through a process called TPRT (Target Primed Reverse Transcription)([@bib18]; [@bib52]) inserts a DNA copy into the new genomic target locus. During TPRT, ORF2p EN domain nicks the DNA and the newly formed 3'OH end is then used by the RT domain of ORF2p to prime the synthesis of a complementary DNA using the L1 mRNA as template. A second strand of cDNA is then synthetized and joined to adjacent genomic DNA.

L1 lifecycle is extensively entwined with host cellular processes. Several proteins and cellar pathways have been shown to restrict or support L1 retrotransposition and life cycle ([@bib37]). RNA metabolism ([@bib7]; [@bib21]), DNA damage response ([@bib70]) and autophagy ([@bib39]) are a few cellular processes shown to affect LINE-1 retrotransposition. Progression through the cell cycle was shown by several groups to promote L1 retrotransposition ([@bib72]; [@bib88]) but a molecular understanding of this aspect has been elusive. Because of the importance of the cell cycle in efficient retrotransposition, it has been proposed that, as for some exogenous retroviruses ([@bib33]; [@bib80]), nuclear breakdown during mitosis could represent an opportunity for entrance of L1 into the nucleus ([@bib88]; [@bib72]). This hypothesis, never directly tested previously, was challenged by studies demonstrating effective retrotransposition in non-dividing and terminally differentiated cells ([@bib49]; [@bib56]).

To shed light on the role of the cell cycle on different aspects of L1 life cycle we explored the nuclear localization of L1 proteins and the retrotransposition efficiency of L1 in different stages of the cell cycle in rapidly dividing cancer cells. Here, we use imaging, genetic and biochemical approaches to show that in these cells, the L1 lifecycle is intimately coordinated with the cell cycle. LINE-1 encoded proteins enter the nucleus during mitosis and retrotransposition appears to occur mainly during S phase.

Results {#s2}
=======

Analysis and quantification of ORF1p and ORF2p expression and cellular localization {#s2-1}
-----------------------------------------------------------------------------------

Previous works ([@bib28]; [@bib54]; [@bib74]; [@bib36]; [@bib35]; [@bib71]; [@bib66]; [@bib84]; [@bib13]) have shown varying localization of ORF1 protein in cells growing in culture or in mammalian specimens from various organs and tumors. In particular, the nuclear localization of LINE-1 encoded proteins has been sparsely studied and the mechanisms driving import of L1 retrotransposition intermediates into the nucleus are largely unknown.

We therefore set out to characterize the cellular localization of L1 ORF1p and ORF2p in human cells overexpressing recoded (ORFeus) or non-recoded L1 (L1rp) with a 3xFlag tag on the ORF2p C-terminus ([@bib84]). Immuno-fluorescence staining of HeLa-M2 cells ([@bib40]) overexpressing ORFeus, showed clear expression of ORF1p and ORF2p ([Figure 1A and D](#fig1){ref-type="fig"} and [Figure 1---figure supplements 1](#fig1s1){ref-type="fig"},[2](#fig1s2){ref-type="fig"}, [Videos 1](#video1){ref-type="video"} and [2](#video2){ref-type="video"}). As previously observed ([@bib84]), ORFeus ORF1p was detected in virtually all the cells (≅ 97%) whereas ORF2p, encoded by the same bicistronic L1 mRNA also expressing ORF1p, was detected in just a subset of cells (≅10% using a rabbit anti-Flag antibody and ≅20% using a more sensitive mouse anti-Flag antibody) ([Figure 1B](#fig1){ref-type="fig"}, bar graph and inset). This pattern of expression is most likely due to an unknown mechanism controlling ORF2p translation ([@bib1]). Interestingly, when non-recoded L1 was over-expressed, only 44% of cells displayed ORF1p expression. Overexpression of ORFeus-Hs and L1rp with or without the L1 5' untranslated region (5' UTR) excluded the possibility that the reduced expression of L1rp compared to ORFeus was due to the presence of the 5' UTR ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}) ([@bib17]). Due to the overall lower expression of L1rp, ORF2p was barely observable in cells expressing non-recoded L1 ([Figure 1A and B](#fig1){ref-type="fig"}). ORF1p was mainly present in the cytoplasm but some cells (≅26%) also showed clear nuclear staining ([Figure 1A](#fig1){ref-type="fig"}, [Figure 1D](#fig1){ref-type="fig"}, white arrowheads, [Figure 1---figure supplements 1](#fig1s1){ref-type="fig"},[2](#fig1s2){ref-type="fig"}, [Videos 1](#video1){ref-type="video"} and [2](#video2){ref-type="video"}). Z-stack movies of cells expressing L1 and stained for recoded and non-recoded ORF1p and ORF2p are also presented ([Videos 1](#video1){ref-type="video"} and [2](#video2){ref-type="video"}). Confocal images recapitulated our observations and confirmed our conclusions ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). Interestingly, the cells with nuclear ORF1p fluorescence were usually observed as pairs of cells in close proximity. This observation suggested to us that cells with nuclear ORF1p may have undergone mitotic division immediately prior to fixation and observation. In HeLa cells, this observation was made more evident by the fact that daughter cells displaying nuclear ORF1p were sometimes connected by intercellular bridges often containing filaments of DNA and persisting from incomplete cytokinesis during the previous mitosis ([Figure 1D](#fig1){ref-type="fig"}, lower panels) ([@bib76]; [@bib16]). To quantify our initial qualitative observation of closer cell proximity for cells displaying nuclear ORF1p, we employed automated image acquisition of HeLa cells expressing recoded L1 and stained for ORF1p (see 'quantification and statistical analysis' section). We compared the distance of pairs of cells expressing nuclear ORF1p versus the distance of the same number of cell pairs expressing ORF1p just in the cytoplasm. This 'proximity analysis', described in more details in the methods section, clearly shows that cells with nuclear ORF1p are statistically closer to each other than cells expressing ORF1p exclusively in the cytoplasm ([Figure 1C](#fig1){ref-type="fig"}).

![L1 protein expression and localization (**A**) Representative pictures of immunostained HeLa M2 cells expressing a recoded L1 (ORFeus) or a non-recoded L1 (L1rp).\
Antibody target names are reported atop the corresponding pictures and colored according to the colors used in the merged pictures. Scale bar = 100 μm. (**B**) Quantification of ORF1p and ORF2p expression in the cytoplasm and nucleus of HeLa cells expressing the indicated L1 element (error = S.E.M.) of at least 10 20X fields with about 100 cells each. The inset shows quantification of ORF2p stained using an anti-FLAG mouse antibody (SIGMA-M2 F1804). (**C**) Proximity analysis of cells with (purple) or without (yellow) nuclear ORF1p is reported. HeLa cells expressing Flag tagged ORFeus for 24 hr, were stained with anti-ORF1p JH74 Ab and DAPI. Pictures were collected using an Arrayscan microscope and analysis was performed as described in the Materials and Methods. \*\*\*p\<0.001 (p=4.351e^−13^) (**D**) Immunostaining of ORF1p and ORF2p using, respectively, rabbit monoclonal Ab JH74 and mouse monoclonal antibody M2 against FLAG. Scale bar = 20 μm. White arrowheads indicate cells with nuclear ORF1p.](elife-30058-fig1){#fig1}

###### ORFeus ORF1p/ORF2p Z stack.

Z-stacks of recoded L1 (ORFeus) ORF1p (left) and ORF2p (right) expressed in HeLa-M2 treated for 24 hr with doxycycline 0.1 μg/ml. Red arrows points to cells expressing cytoplasmic and nuclear ORF2p and ORF1p; the green arrow points to a cell expressing cytoplasmic and nuclear ORF2p and just cytoplasmic ORF1p.

10.7554/eLife.30058.008

###### L1rp ORF1p/ORF2p Z stack.

Z-stacks of L1rp ORF1p (left) and ORF2p (right) expressed in HeLa-M2 treated for 24 hr with doxycycline 0.1 μg/ml.

10.7554/eLife.30058.009

The cytoplasmic ORF1p localization pattern was often dominated by previously described cytoplasmic foci ([@bib29]; [@bib36]). The formation of these foci is particularly enhanced by L1 overexpression. The nature and role of these cytoplasmic structures is still debated ([@bib36]; [@bib57]; [@bib39]) and in our system they may be induced by non-physiological expression levels of ORF1p. We therefore performed the localization experiments reported here using Tet-inducible constructs, and we induced L1 expression at lower concentrations of doxycycline (0.1 μg/ml) compared to the concentrations typically used to induce full induction of retrotransposition or production of RNP intermediates for proteomic studies (1 μg/ml) ([@bib84]). We observed very heterogeneous localization of ORF1p and ORF2p in cells overexpressing L1 upon treatment with 0.1 μg/ml doxycycline for 24 hr. ORF1p is observed to be only cytoplasmic ([Figure 1D](#fig1){ref-type="fig"} top panel), or both cytoplasmic and nuclear ([Figure 1D](#fig1){ref-type="fig"}, top panel) but is never exclusively nuclear when immunostaining is performed using 4H1, 4632 and JH74 antibodies ([Figure 1---figure supplements 1](#fig1s1){ref-type="fig"},[2](#fig1s2){ref-type="fig"}). ORF2p also had heterogeneous nuclear/cytoplasmic localization with cells displaying ORF2p only in the cytoplasm ([Figure 1A](#fig1){ref-type="fig"} and [Figure 1D](#fig1){ref-type="fig"} middle panel), only in the nucleus ([Figure 1D](#fig1){ref-type="fig"}, top panel) or in both the cytoplasm and the nucleus ([Figure 1D](#fig1){ref-type="fig"}, lower panel). Nuclear ORF2p had a punctate pattern ([Figure 1D](#fig1){ref-type="fig"} top panel) and nuclear ORF1p was usually excluded from nucleoli ([Figure 1D](#fig1){ref-type="fig"}, arrowheads). Also, a small population of cells (usually less than 0.1% of L1 expressing cells) showed a strong and clear nuclear signal of ORF2p in the absence of nuclear ORF1p ([Figure 1D](#fig1){ref-type="fig"}, top panel and [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}) consistent with a possible nuclear form of L1 RNPs that lacks ORF1p (see also accompanying paper by [@bib83]). On the contrary, in the cytoplasm, ORF2p always co-localized with ORF1p ([Figure 1A and D](#fig1){ref-type="fig"}).

We compared several antibodies against ORF1p that confirmed a consistent pattern of nuclear/cytoplasmic localization of ORF1p ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). The corresponding secondary-only controls and IF staining of cells not expressing L1 are presented in [Figure 1---figure supplement 4](#fig1s4){ref-type="fig"}. The mouse 4H1 monoclonal antibody (mAb) recognizing the N-terminus of ORF1p and the rabbit JH74 antibody against the C-terminus of ORF1p have an identical pattern. The polyclonal 4632 antibody (pAb) displayed a high nuclear non-specific signal that renders this antibody less sensitive than 4H1 and JH74 ([Figure 1---figure supplements 1](#fig1s1){ref-type="fig"},[4](#fig1s4){ref-type="fig"}). The JH73g rabbit Ab was distinct from the other antibodies and recognized mainly nuclear ORF1p ([Figure 1---figure supplement 1A--B](#fig1s1){ref-type="fig"} and [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). This nuclear form of ORF1p is also recognized by 4H1 and JH74 antibodies but is much more easily observed using JH73g because of its higher affinity for nuclear ORF1p and much lower affinity for cytoplasmic ORF1p. Indeed, quantification of nuclear ORF1p upon staining with JH74 and JH73g revealed a comparable percentage of cells displaying nuclear ORF1p using the two antibodies (≅14--17%). The percentage of cells detected overall as expressing ORF1p using JH73g Ab is much lower than the percentage recognized as ORF1p expressing cells by JH74 Ab (37% versus 93% respectively) because JH73g is able to recognize mainly the nuclear form ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}). This unusual staining pattern suggests that the nuclear form of ORF1p may be highly enriched for a conformation specifically recognized by JH73g. Staining of L1rp expressing cells, on the other hand, reveals a lower threshold of sensitivity for the JH73g antibody that is unable to detect the lower amount of non-recoded ORF1p. Interestingly, ORF1p immunoprecipitated with JH73g Ab is impaired in binding to ORF2p protein, consistent with the possibility that most of the nuclear ORF1p species fail to bind ORF2p ([Figure 1---figure supplement 1D](#fig1s1){ref-type="fig"}).

ORF1p enters the nucleus during mitosis {#s2-2}
---------------------------------------

Our immunofluorescence staining of ORF1p and ORF2p suggests that L1 RNPs enter the nucleus during mitosis, when the nuclear membrane breaks down. To better explore this hypothesis, previously put forward by other studies ([@bib88]), we exploited well-characterized markers of the cell cycle: geminin, expressed only in S/G2/M phases, and Cdt1, which specifically marks the G1 phase ([@bib4]). Co-staining of ORF1p with geminin and Cdt1 clearly showed that ORF1p is nuclear in cells expressing Cdt1 (G1 phase), and completely cytoplasmic in cells expressing geminin ([Figure 2A](#fig2){ref-type="fig"} and quantification in B). Confocal images of Cdt1, geminin and ORF1p staining confirmed our conclusions ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). We also verified these results using the FUCCI system (Fluorescent Ubiquitin Cell Cycle Indicator), that exploits Cdt1 and geminin fragments fused to mAG and mKO2 (Monomeric Azami-Green and Monomeric Kusabira-Orange 2 fluorescent proteins) respectively ([@bib68]). Expression of an ORF1p-HaloTag7 in HeLa.S-FUCCI cells treated with the Halo tag ligand JF646, ([@bib38]) shows that ORF1p is nuclear only in cells in G1 phase with orange nuclei resulting from expression of mKO2-tagged Cdt1 fragment ([Figure 2C](#fig2){ref-type="fig"}). In this setting, no instances of cells with nuclear ORF1p-Halo and green nucleus (cells in S/G2/M) were observed (total number of cells counted = 3309; cells with nuclear ORF1p and green nuclei = 0; cells with nuclear ORF1p and red nuclei = 80). ORF2p-Halo was expressed in cells scattered throughout the cell cycle that displayed either orange (Cdt1 expressing) or green (geminin expressing) nuclei ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). This result suggests that ORF2p expression is not cell cycle regulated. Overall, our analyses strongly suggest that ORF1p, most likely together with ORF2p, enters into the nucleus during mitosis and is retained there when the nuclear membrane reforms after cell division.

![ORF1p localizes inside the nucleus immediately after mitosis.\
(**A**) Representative pictures of co-immunostaining of ORF1p with Cdt1 (marker of G1 phase) or geminin (marker of S/G2/M phase). DNA was stained with DAPI. Red arrowheads = cells with nuclear ORF1p, green arrowheads = cells without nuclear ORF1p. (**B**) Quantification of cells expressing nuclear ORF1p and Cdt1 (red, left top and bottom) or Geminin (green, right top or bottom). HeLa M2 cells expressing ORFeus (plasmid LD401) or L1rp (plasmid MT302) are shown in the two top or bottom panels respectively. The antibodies used for staining and quantification are indicated at the bottom of the graphs. (error = S.E.M.). (**C**) Representative pictures of live HeLa.S-FUCCI cell lines expressing rtTA and an inducible recoded L1 with ORF1p C-terminally tagged with an Halotag7 ([@bib62]). JF646 ligand ([@bib38]) was used to visualize ORF1-Halotag7. The proteins visualized are reported to left of images in colors used in the merged picture (right panel).](elife-30058-fig2){#fig2}

To gain insight into the nuclear/cytoplasmic distribution of L1 mRNA, we also performed RNA-FISH followed by immunofluorescence staining of ORF1p and ORF2p in cells expressing recoded (ORFeus) or non-recoded L1 (L1rp) ([Figure 3](#fig3){ref-type="fig"}). As expected, the detected L1 mRNA mostly co-localized with ORF1p staining in both ORFeus and L1rp ([Figure 3A](#fig3){ref-type="fig"} and additional images in [Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}). Interestingly, and in line with our results on ORF1p localization ([Figure 1C](#fig1){ref-type="fig"} and [Figure 2](#fig2){ref-type="fig"}), nuclear signal of L1 mRNA was particularly bright in cells exiting mitosis identified by cytoplasmic bridges still connecting the two daughter cells ([Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}, [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"} and [Videos 3](#video3){ref-type="video"} and [4](#video4){ref-type="video"}). To verify that high nuclear L1 mRNA was detected in post-mitotic cells in G1 phase, we performed RNA-FISH of ORFeus followed by Cdt1 and Geminin co-staining ([Figure 3B--C](#fig3){ref-type="fig"} and [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). As shown for ORF1p and in line with our hypothesis, nuclear L1 mRNA co-localized with cells with low Geminin and higher Cdt1 staining. These results confirmed our ORF1p localization results, and suggest that L1 RNPs formed by ORF1p, L1 mRNA and, most likely, ORF2p enter the nucleus during mitosis and remain 'trapped' in the nucleus upon nuclear membrane reformation in G1 phase.

![Analysis of L1mRNA nuclear/cytoplasmic localization.\
(**A**) HeLa-M2 cells expressing ORFeus (row 1), L1rp (row3) or not expressing L1 (row 2 and 4, controls) were stained for L1mRNA using cy5 conjugated probes against ORFeus or L1rp. IF of ORF1p using rabbit JH74 Ab and ORF2p using mouse FLAG-M2 Ab was performed right after RNA-FISH labelling. Z-stack images were collected using a spinning disk confocal microscope. The max intensity projection images of each fluorescence channel are shown in grayscale together with the merge image in pseudocolors. (**B**) L1 mRNA was stained using RNA-FISH together with IF staining of Cdt1 and geminin, makers of G1 and S/G2/M respectively. HeLa-M2 cells expressing recoded L1 (pCEP-puro plasmid LD401) were used. A merged image of Cdt1 (red) and geminin (green) IF is shown in the top image while L1 RNA-FISH is presented in grey-scale in the bottom image. Red arrowheads indicate cells that show strong nuclear L1 mRNA signal and are in G1 phase (low Geminin, high Cdt1). Green arrowheads indicate cells that show only cytoplasmic L1 mRNA signal and that are in S/G2/M phase (high Geminin, low Cdt1). Magnified pictures of some representative cells pointed by red and green arrows are presented in [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}. (**C**) Quantification of the distribution of nuclear L1 mRNA among G1 or S/G2/M cells. (error bar = S.D., n = 4). Two tail T-test p value is reported.](elife-30058-fig3){#fig3}

###### ORFeus ORF1p/ORF2p/L1 mRNA Z stack.

Z-stacks of chromatin (DAPI), ORF2p (FLAG), ORF1p (JH74) and L1 ORFeus mRNA (cy5-probes) in HeLa-M2 cells expressing ORFeus (LD401) and treated for 24 hr with doxycycline 0.1 μg/ml. The max intensity projection images of these cells is presented in [Figure 3A](#fig3){ref-type="fig"} row 1.

10.7554/eLife.30058.016

###### L1rp ORF1p/ORF2p/L1mRNA Z stack.

Z-stacks of chromatin (DAPI), ORF2p (FLAG), ORF1p (JH74) and L1rp mRNA (cy5-probes) in HeLa-M2 cells expressing L1rp (MT302) and treated for 24 hr with doxycycline 0.1 μg/ml. The max intensity projection image of these cells is presented in [Figure 3A](#fig3){ref-type="fig"} row 4.

10.7554/eLife.30058.017

A direct consequence of these conclusions would be that prolonged expression of L1 in dividing cells should eventually lead to a population with all cells displaying nuclear ORF1p because a longer time of L1 induction will allow all the cells to undergo mitosis while expressing ORF1p. To test this hypothesis, we quantified the percentage of cells displaying nuclear ORF1p after 24 and 48 hr of L1 expression, considering that HeLa cell doubling time is about 24 hr. Automated picture collection (Arrayscan HCS, Cellomics) and software based nuclear/cytoplasmic analysis (HCS studio cell analysis software) was implemented as for proximity analysis. We set very stringent negative fluorescence thresholds (limit in [Figure 4A](#fig4){ref-type="fig"}) determined from cells not treated with doxycycline and therefore not expressing L1, as described in the methods section. These stringent parameters were necessary to avoid interference of the strong ORF1p cytoplasmic signal with the measurement of nuclear ORF1p signal. The analysis of ORF1p nuclear and cytoplasmic distribution surprisingly showed that the percentage of cells with nuclear ORF1p does not increase but actually decreases after 48 hr of L1 induction compared to the 24 hr time point ([Figure 4A](#fig4){ref-type="fig"}). The decrease in nuclear ORF1p after 48 hr induction is probably due to the decreased growth rate of a more confluent cell population. The absence of an increase of cells with nuclear ORF1p with increased time of L1 induction, suggests that, after entering the nucleus in M phase, nuclear ORF1p is either degraded and/or exported from the nucleus during or after G1 phase.

![ORF1p nuclear localization upon leptomycin treatment.\
(**A**) HeLa M2 cells expressing a recoded L1 (ORFeus) with Flag tagged ORF2p were treated for 24 or 48 hr with or without 0.1 μg/ml doxycycline on chamber slides. After treatment, cells were fixed in formalin and stained with JH74 primary antibody, Alexa 647 labeled secondary antibody and DAPI. Slides were scanned with Arrayscan and analyzed using Image Studio HCS software. The number of cells with cytoplasmic ORF1p (also considered as the total number of ORF1p expressing cells) and nuclear ORF1p are reported as well as total amount of cells calculated from DAPI staining. (**B--D**) quantification of cells expressing nuclear ORF1p in HeLa M2 cells treated with or without leptomycin 10 or 20 nM for 15 hr. After treatment cells were fixed and ORF1p stained using the indicated antibodies. Two tailed T-test p-values are reported for significant differences (error = S.E.M.) (**E**) Schematic of ORF1p nuclear/cytoplasmic dynamics during the cell cycle.](elife-30058-fig4){#fig4}

ORF1p nuclear localization is increased upon leptomycin treatment {#s2-3}
-----------------------------------------------------------------

To better explore potential cytoplasmic/nuclear shuttling of ORF1p and ORF2p we took advantage of a known inhibitor of exportin 1 (XPO1/CRM1), leptomycin b. We treated HeLa cells expressing LINE-1 with leptomycin for 18 hr. Two different concentrations of leptomycin were used and several antibodies (Abs) were utilized to detect ORF1p in immunofluorescence assays ([Figure 4B--E](#fig4){ref-type="fig"}). At both leptomycin concentrations, and using any of the Abs recognizing ORF1p we observed an increased number of cells with nuclear ORF1p after leptomycin treatment, suggesting that at least a subset of ORF1p is exported from the nucleus in a CRM1-dependent manner ([Figure 4E](#fig4){ref-type="fig"}). As control, a known CRM1 regulated protein (MEK-1) ([@bib24]) tagged with GFP was used to show nuclear retention upon leptomycin treatment ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}).

LINE-1 retrotransposition peaks during S phase {#s2-4}
----------------------------------------------

Our results suggest that ORF1 protein, in a ribonucleoprotein complex with L1 mRNA (and presumably ORF2p), is able to enter the nucleus during mitosis and it accumulates in the nucleus in early G1 phase of the cell cycle. Following early G1, ORF1p is then exported to the cytoplasm through a CRM1 dependent mechanism. We therefore asked whether L1 retrotransposition occurred in a cell cycle-dependent manner and more specifically during M phase or G1 phase, when we observed ORF1p in the nucleus and when chromatin is accessible to L1 RNPs. To answer this question we performed retrotransposition assays using a previously described ORFeus-GFP-AI reporter ([@bib84]; [@bib3]). HeLa cells expressing the retrotransposition reporter were treated for increasing times with nocodazole ([Figure 5A](#fig5){ref-type="fig"}), a cell cycle inhibitor that blocks cells in M phase interfering with microtubule assembly ([@bib55]; [@bib67]). Treatments were performed for no longer than 21 hr, a time sufficient to allow cells passage through just one cell cycle. Increased time of nocodazole treatment, and therefore longer time in M phase, fails to increase the percentage of M phase green cells ([Figure 5A--B](#fig5){ref-type="fig"}), suggesting that L1 retrotransposition does not occur during M phase. Longer times of nocodazole treatment (21 hr) increased cell death, detected by an increase of propidium iodide-positive cells, and a consequent decrease in retrotransposition ([Figure 5B](#fig5){ref-type="fig"}, dotted line). Similar experiments were also performed using thymidine and mimosine treatments to interrogate possible biases of L1 retrotransposition toward G1 phase ([@bib2]; [@bib50]). The effects on cell cycle progression of increased times of 4 mM thymidine and 1 mM mimosine treatments are reported in [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}. Treatment with excess thymidine inhibits DNA synthesis blocking cells in late G1. As with nocodazole treatments, cells treated with thymidine, showed no increase in GFP positive cells compared to untreated cells, suggesting that L1 does not preferentially retrotranspose in late G1 phase ([Figure 5C](#fig5){ref-type="fig"}). Mimosine treatments, also did not increase retrotransposition but actually decreased L1 hopping ([Figure 5D](#fig5){ref-type="fig"}). Mimosine is a non-protein amino acid that potently inhibits cell cycle. Despite mimosine's well-established role in blocking cells in late G1/early S phase, the molecular mechanisms affected by mimosine to induce cell cycle arrest are still debated. Mimosine was shown to affect both DNA synthesis initiation and elongation and to induce depletion of deoxynucleotides through chelation of iron and consequent inhibition of ribonucleotide reductases (RNR) and serine hydroxymethyltransferase (SHMT). Mimosine was also shown to inhibit viral replication consistent with a general metabolic mechanism ([@bib61]; [@bib46]; [@bib22]; [@bib63]). Our data showing a decreased retrotransposition in cells treated with mimosine, suggest that mimosine inhibits L1 retrotransposition not only arresting the cell cycle but probably through additional (metabolic?) mechanisms ([Figure 5D](#fig5){ref-type="fig"}).

![Retrotransposition in cells blocked in M and G1 phases.\
(**A**) Scheme of the experimental timeline followed for experiments presented in b-d). HeLa M2 cells stably expressing episomal ORFeus-GFP-AI reporter (EA79 plasmid) were plated in 10 cm tissue culture treated plates (3 cm wells in c and d). After overnight incubation, expression of L1 was induced with 1 μg/ml doxycycline. After 9 hr induction, nocodazole, thymidine or mimosine were directly added to the media at various times in different plates to a final concentration of 60 ng/ml nocodazole, 4 mM thymidine and 1 mM mimosine. After 30 hr from the beginning of doxycycline treatment M phase cells were collected by shake-off (all cells were collected by trypsinization for c and d) and the percentage of GFP^+^ cells measured using a flow cytometer as described in the method section. (**B--D**) Histogram boxes (left Y axes) represent relative % of GFP^+^ cells measured by cytofluorometry after treatments with nocodazole (**B**), 4 mM thymidine (**C**) or 1 mM mimosine (**D**) as described in A). The dots connected by a dotted line (right Y axes) represent the relative % of PI^+^ cells (dead cells). Retrotransposition and PI percentages of cells not treated with nocodazole, thymidine or mimosine (time 0) were set as 1. (error = S.D., \*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001).](elife-30058-fig5){#fig5}

We then expanded our analysis, measuring retrotransposition during a single cell cycle in a population of HeLa cells synchronized by nocodazole treatment, subsequent 'mitotic shake off' and released into the cell cycle in the absence of nocodazole ([Figure 6A](#fig6){ref-type="fig"}). Measurements of the percent of cells that underwent retrotransposition were performed every three hours starting after release from nocodazole synchronization. The cell cycle stage of the cells at each time point was determined by propidium iodide staining ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). A linear increase of retrotransposition should be observed if retrotransposition is unbiased towards specific cell cycle stages, while a non-linear increase represents a specific stage at which retrotransposition is enhanced. Calculation of the slope of the increase of GFP^+^ cells should therefore produce a clear peak at the time during which most retrotransposition occurs ([Figure 6D](#fig6){ref-type="fig"}). This approach allowed us to identify a peak of retrotransposition in the S phase ([Figure 6E](#fig6){ref-type="fig"} top and bottom left panels). Control non-synchronized cells, as expected, showed a linear increase in retrotransposition and no clear peaks were identified ([Figure 6F](#fig6){ref-type="fig"} top, bottom right panels).

![Retrotransposition during the cell cycle.\
(**A**) Scheme of the experimental timeline followed for experiments presented in E-F). HeLa M2 cells were plated and transfected in six well plates. 24 hr after transfection 1 μg/ml puromycin was added to the medium for 5 days. During puromycin selection cells were split into 10 cm plates to avoid contact inhibition. During the 5^th^ day of puromycin selection, 3 × 10^6^ cells were freshly replated in 10 cm plates and after 3 hr, doxycycline was added to the medium to a final concentration of 1 μg/ml. After 7 hr, nocodazole was added to a final concentration of 60 ng/ml. After 12 hr, medium was discarded and mitotic cells were collected by mechanical shake off. Cells were washed and 0.4 × 10^6^ mitotic cells were replated in each of 3 cm wells. At the indicated time points, the percentage of GFP^+^ cells was measured using a flow cytometer. (**B**) prediction of retrotransposition measurements if cell cycle affects (left panels) or does not affect (right panels) retrotransposition. (**C--D**) Retrotransposition analysis of nocodazole synchronized (**C**) or not synchronized (**D**) cells. The % of GFP^+^ cells in a population of 10000 cells is reported in the indicated time points. Bottom panels show slope changes from the corresponding measurements on the top panels. The shaded colored boxes indicate specific cell cycle stages extrapolated from propidium iodide (PI) measurements reported in [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}. The two lines (gray and black) represent two experiments using independent transfections of the retrotransposition reporter. (error = S.D., n = 4).](elife-30058-fig6){#fig6}

To evaluate whether the cell cycle controls retrotransposition using a method independent of cell synchronization, we developed a fluorescent-AI reporter that introduces a temporal component to canonical retrotransposition reporters. To this end, we utilized the previously characterized monomeric fluorescent timers (FT) ([@bib79]). These derivatives of mCherry change their fluorescence emission from blue to red over 2 to 3 hr (fast-FT). We introduced an antisense intron within the coding region of the 'fast-FT' and inserted this cassette in the 3'UTR of a recoded L1 ([Figure 7A](#fig7){ref-type="fig"}). Transfection of the L1-fastFT-AI construct into HeLa cells allowed us to identify cells that underwent retrotransposition within a \~ 3 hr period preceding the analysis, as reported by previous work ([@bib79]). Our quantification also supports the previously reported timing of FT maturation ([@bib79]) with an average conversion time from blue to red of 2.35 ± 0.52 hr ([Figure 7A](#fig7){ref-type="fig"} and [Figure 7---figure supplement 1B](#fig7s1){ref-type="fig"}). Immediately after L1-fastFT-AI retrotransposition, the fast FT is expressed and the cells emit blue fluorescence. Upon translation the blue proteins begin turning red in less than 3 hr. To roughly quantify the time needed for the visualization of a fluorescent protein after induction of transcription, we measured GFP expression upon doxycycline induction. Quantification of cells expressing GFP under control of a Tet CMV-inducible promoter revealed that 50% of the cells expressed visible GFP at 2.71 ± 0.46 hr and 90% of the cells expressed visible GFP within 8.01 ± 0.63 hr of doxycycline treatment ([Figure 7A](#fig7){ref-type="fig"} and [Figure 7---figure supplement 1A](#fig7s1){ref-type="fig"}). This quantification, even when performed in an over-expression setting, suggests that transcription from a strong promoter, translation and accumulation of a fluorescent protein can be fast enough for the detection of retrotransposition events within approximately 3 hr from the event itself.

![Analysis of L1 retrotransposition during the cell cycle using FT-AI reporter.\
(**A**) Schematic of the fluorescent-timer-AI reporter (FT-AI) and of the experimental design. HeLa M2 cells were transfected with a FT-AI reporter. After induction of L1 expression (24 hr, 1 μg/ml doxycycline), cells undergoing retrotransposition are blue and can be sorted by FACS or directly stained with SYTO61 for cell cycle analysis. Within about 2.7 hr of doxycycline treatment 50% of the cells will start to express the FT reporter as estimated in [Figure 7---figure supplement 1A](#fig7s1){ref-type="fig"}. After about 2.35 hr ([Figure 7---figure supplement 1B](#fig7s1){ref-type="fig"}) from expression of the blue FT (retrotransposition event), cells start to become red. Double negative (blue-/red-) cells were also collected by sorting and analyzed as control. The sorted cells are then stained with PI and their cell cycle stage determined. (tet = Tetracycline inducible promoter, 3'=3'UTR, pA = polyA signal, FT = fluorescent timer, SD = splice donor, SA = splice acceptor, CMV = cytomegalovirus constitutive promoter, red round arrow = L1 'jumping'). (**B**) Histogram of cell cycle distribution of sorted and PI stained blue^-^red^-^ cells (black line) and blue^+^red^-^ cells (blue histogram). The percentage of cells in each cell cycle stage after sorting and PI staining are reported in [Figure 7---figure supplement 2B](#fig7s2){ref-type="fig"}. (**C**) Cell cycle analysis using SYTO61 dye of blue^-^ cells that did not undergo retrotransposition (black line), of blue^+^ cells expressing lower red signal (blue histogram) or blue^+^ cells expressing higher red signal (purple histogram). The complete profiles of analysis for the reported cells are presented in [Figure 7---figure supplement 2C--D](#fig7s2){ref-type="fig"}.](elife-30058-fig7){#fig7}

In cells expressing L1 FT-AI, upon retrotransposition of L1, the FT gene is transcribed and expressed in \<3 hr in at least 50% of the expressing cells. After 2.35 ± 0.52 hr from translation, the blue proteins maturate into red emitting proteins. The cells are now marked by a blue population of proteins continuously transcribed by the constitutive CMV promoter and a red population of aged proteins matured from the blue form ([Figure 7A](#fig7){ref-type="fig"}). Analysis of the cell cycle stage of FACS sorted 'blue only' cells (cells that underwent retrotransposition within about 3 hr of the analysis, also considering the time needed for transcription of the marker) compared to fluorescence negative cells FACS sorted from the same population (cells that did not undergo retrotransposition before analysis) revealed a strong enrichment in S phase cells, a partial enrichment in cells in the G2/M phase and a strong de-enrichment of cells in G1 phase ([Figure 7B](#fig7){ref-type="fig"} and [Figure 7---figure supplement 2A--B](#fig7s2){ref-type="fig"}). These results confirmed the strong bias of retrotransposition towards S phase that we measured using nocodazole synchronization ([Figure 6](#fig6){ref-type="fig"}). However, the over-representation of G2/M cells that underwent retrotransposition pushed us to design experiments to better dissect the population of cells comprising the peak of blue-only cells presented in [Figure 7B](#fig7){ref-type="fig"}.To better dissect the cell cycle stage of cells that underwent retrotransposition, we implemented a second approach that does not involve cell sorting but simply allows direct analysis of the cell cycle in cells expressing the FT-AI reporter ([Figure 7C](#fig7){ref-type="fig"} and [Figure 7---figure supplement 2C--D](#fig7s2){ref-type="fig"}). After 24 hr of doxycycline treatment, cells expressing the L1-fastFT-AI reporter were directly stained with SYTO61 DNA labeling dye and analyzed. The main population of blue negative cells that did not undergo retrotransposition, showed cells distributed throughout the cell cycle (G1 = 49.5%, S = 34.2%, G2/M = 15.2%) ([Figure 7C](#fig7){ref-type="fig"}, black line and [Figure 7---figure supplement 2C--D](#fig7s2){ref-type="fig"}). Using this analysis, we were able to divide the population of blue positive cells (blue^+^) in two subpopulations: cells with relatively higher red fluorescence ([Figure 7C](#fig7){ref-type="fig"}, purple profile and [Figure 7---figure supplement 2C--D](#fig7s2){ref-type="fig"}), and cells with lower/undetectable red fluorescence ([Figure 7C](#fig7){ref-type="fig"}, blue profile and Fig. [Figure 7---figure supplement 2C--D](#fig7s2){ref-type="fig"}). The former group of cells underwent retrotransposition in a time closer to the time of analysis compared to the blue^+^ cells with higher red fluorescence in which few FT molecules had time to mature into the red form. Consistent with the previous experiments, the blue^+^ cells with lower red fluorescence (blue peak) are mainly in S phase (G1 = 9.38%, S = 78.1%, G2/M = 12.5%). Blue^+^ cells with higher red fluorescence (purple peak), which had more time to proceed through the cell cycle after retrotransposition and before analysis (from S to G2/M), were mainly in G2/M phase (G1 = 0%, S = 10.9%, G2/M = 89.1%). This result clearly shows that the wide peak of 'blue only' sorted cells that spread across S and G2/M phases ([Figure 7B](#fig7){ref-type="fig"}) actually consists of two subpopulations/peaks: a population of cells in S phase that underwent retrotransposition a short time before analysis and a second population of cells in G2/M phase that underwent retrotransposition earlier relative to analysis.

These observations, together with the data presented in [Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}, collectively indicate that L1 retrotransposition has a strong cell cycle bias and preferentially occurs during the S phase.

ORF2p binds chromatin and localizes at replication forks with PCNA during S phase {#s2-5}
---------------------------------------------------------------------------------

To gain biochemical insight into the timing of L1 retrotransposition we investigated the timing with which ORF2p was recruited onto chromatin, a necessary step for retrotransposition. We isolated nuclear soluble and chromatin bound proteins from cells synchronized and released into the cell cycle, as in [Figure 6C](#fig6){ref-type="fig"}. Immunoblot analysis showed no differences in the amount of histone H3 and ORF1p present on chromatin and, as expected, the analysis revealed chromatin recruitment that peaked in S phase for PCNA ([@bib78]) and Upf1 ([@bib5]). Supporting our previous results, ORF2p was recruited on chromatin in S phase in a similar manner to Upf1 and PCNA ([Figure 8A--B](#fig8){ref-type="fig"}). It is worth noting that, despite our observation that ORF1p is less nuclear in late G1 ([Figure 4](#fig4){ref-type="fig"}), we did not observe changes in nuclear and cytoplasmic ORF1p during cell cycle progression ([Figure 8A](#fig8){ref-type="fig"}, right panel). This is probably due to the contamination of cytoplasmic stress granules (highly enriched in ORF1p) in nuclear fractions as shown by detection of G3BP1, a marker of stress granules ([Figure 8---figure supplement 1](#fig8s1){ref-type="fig"}).

![ORF2p binds chromatin during S phase.\
(**A**) Western blot of chromatin bound proteins or nuclear soluble proteins extracted from HeLa M2 cells expressing recoded L1, synchronized with nocodazole and released into the cell cycle for the indicated times. The colored bars below the blots indicate cell cycle phases extrapolated from [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}. The targets of the antibodies used for blotting are indicated. The quantification of the ORF2p, ORF1p and PCNA proteins bound to chromatin are reported in (**B**) as ratio of H3 signals. The relative units at time zero are set to 1.](elife-30058-fig8){#fig8}

We previously showed that ORF2p binds PCNA through a PIP domain in the ORF2 protein, sandwiched between the EN and RT domains, and that the PCNA-ORF2p interaction is necessary for retrotransposition in HeLa and HEK293 cells ([@bib84]). The PCNA-ORF2p complex is mainly chromatin bound ([Figure 8---figure supplement 1](#fig8s1){ref-type="fig"}), supporting the idea that PCNA binds ORF2p during retrotransposition. We therefore followed up on these previous findings investigating the interactome of the ORF2p-PCNA complex specifically. To this end, we engineered a V5-tag at the N-terminus of PCNA in HCT116 cells stably expressing a doxycycline inducible ORFeus. HCT116 cells were chosen because of their near-diploid number of chromosomes compared to HeLa cells, characterized by unstable karyotype. We performed sequential immunoprecipitation of ORF2p followed by V5/PCNA IP ([Figure 9A](#fig9){ref-type="fig"}), and we analyzed the interacting partners of the ORF2p-PCNA complex by mass spectrometry. Among the identified ORF2p/PCNA interactors (279 from the first experiment and 158 from the second experiment) we identified several MCM proteins (MCM3, MCM5 and MCM6) as well as TOP1 (DNA topoisomerase 1), PARP1 (Poly \[ADP-ribose\] polymerase 1) and RPA1 (Replication Protein A1) ([Figure 9B](#fig9){ref-type="fig"}). These proteins are known to be co-recruited with PCNA on the origins of DNA replication before S phase (MCM proteins) and during S phase on the replication fork (MCM, PCNA, TOP1, RPA1 and PARP1 proteins) ([@bib19]; [@bib65]; [@bib89]). Co-immunoprecipitation of Flag/ORF2 or ORF1 proteins from HEK293 cells expressing ORFeus, recapitulated the interaction of ORF2p with MCM6 and PCNA ([Figure 9B](#fig9){ref-type="fig"}). As expected, immunoprecipitation of ORF2p pulled down a fraction of ORF1p, but also MCM6 and PCNA proteins. Interestingly, as expected from our previous observations revealing that ORF1p is not necessarily in the complex(es) with chromatin bound nuclear L1 RNPs, immunoprecipitation of ORF1p pulled down only a small amount of ORF2p, and also a smaller amount of MCM6 and PCNA proteins. These observations suggest that the nuclear L1 complex contains ORF2p, PCNA and components of the replication fork such as MCM6, and is depleted of ORF1 proteins.

![ORF2p is associated with replication fork proteins during S phase.\
(**A**) Schematic of sequential ORF2-PCNA immunoprecipitation and mass spectrometry analysis. HCT116 expressing V5-PCNA, rtTA and a recoded L1 (ORFeus) with flag-tagged ORF2p were used to immune-precipitate ORF2p. The immunoprecipitated complexes eluted with FLAG peptides were split in two and used for immunoprecipitation with V5 or IgG control antibodies. After native elution with V5 peptides the samples were analyzed by mass spectrometry. (**B**) Peptide numbers of known DNA replication fork proteins (identified by their UniProt number) obtained after mass spectrometry analysis of the ORF2p-PCNA/IgG sequential IP. Peptide counts of two independent experiments are reported. Red = high confident interactors that are found in both experiments and with no peptides in the IgG control IPs; orange = possible interactors that are found in both experiments and with some peptides in the IgG control IPs; yellow = low confidence interactors that are found in just one experiment and with no peptides in the IgG control IPs; gray = MCM proteins not identified as ORF2p interactors in our analysis. (**C**) Western blot of MCM6 and PCNA proteins co-immunoprecipitated upon IgG (control), ORF1 or FLAG(ORF2) IP. Grindates of 293T~LD~ cells expressing a recoded L1 with flag-tagged ORF2p were used. (SUP = supernatant after IP, IP = immunoprecipitation). (**D**) RT-qPCR quantification of L1 after direct immunoprecipitation from HCT116-V5-PCNA-L1 cells using IgG, FLAG-M2 (ORF2p) or V5 (PCNA) antibodies (top panel) or after sequential IP using FLAG-IgG or FLAG-V5 antibodies (bottom panel). \"cDNA\" amount refers to amount of cDNA produced in in vitro RT reactions and reflects mRNA concentrations in the immunoprecipitates. (**E**) Immunostaining of ORF2p (red) and PCNA (green) in cells synchronized with double thymidine block and released for 2 hr in S phase.\
10.7554/eLife.30058.031Figure 9---source data 1.Complete list of proteins and peptides identified by mass spectrometry.All the proteins and the corresponding peptides identified by mass spectrometry analysis after sequential ORF2p-V5 or ORF2p-IgG IP are reported. The score (sum of scores of the individual peptides), coverage, number of peptides (\# peptides) and number of peptide spectra matches (\# PSM) are reported for each protein. Two replicates of ORF2p-IgG IPs (orange and blue columns for experiment 1 and 2 respectively) and two replicates of ORF2p-V5 IPs (yellow and green columns for experiment 1 and 2 respectively) are reported.](elife-30058-fig9){#fig9}

To verify that the ORF2p-PCNA-MCM complex identified here also contained L1 mRNA, component of the L1 RNPs essential for retrotransposition, we performed IP experiments followed by RT-qPCR (IP-RT-qPCR) for L1. As expected, IP of ORF2p pulled down L1mRNA ([Figure 9D](#fig9){ref-type="fig"}, top panel) as well as direct IP of PCNA also showed interaction of this protein with the L1 mRNA ([Figure 9D](#fig9){ref-type="fig"}, top panel) compared to control IPs performed using normal mouse IgG antibodies. In line with our hypothesis that the ORF2p-PCNA complex is potentially retrotransposing, sequential IP of ORF2p followed by PCNA IP also pulled down L1 mRNA ([Figure 9D](#fig9){ref-type="fig"}, lower panel) compared to control IgG IP. Control qPCR of samples not treated with reverse transcriptase (-RT) displayed no or extremely low amplification (data not shown).

Finally, we performed immunofluorescence staining of ORF2p and PCNA in HeLa cells synchronized in S phase by double thymidine synchronization. A subset of nuclear ORF2p puncta overlapped with PCNA foci, marking potential regions of active DNA replication ([Figure 9D](#fig9){ref-type="fig"}).

Collectively, our biochemical and proteomic work ([Figure 9](#fig9){ref-type="fig"}) support the hypothesis that ORF2p binds PCNA on sites of DNA replication during S-phase (model in [Figure 10](#fig10){ref-type="fig"}), and this fraction is most likely engaging in retrotransposition as demonstrated by our functional assays ([Figure 7](#fig7){ref-type="fig"}).

![Model of L1 protein dynamics and L1 retrotransposition during the cell cycle.\
After induction of L1 expression, L1 RNPs formed by ORF1p (green balls), ORF2p (orange balls) and L1mRNA (blue/yellow line interacting with ORF2p and ORF1p trimers), enter the nucleus as a result of mitotic nuclear membrane breakdown. In early G1 phase, when the nuclear membrane re-assembles, L1 RNPs are found in the nucleus. ORF1p, but not ORF2p is then exported from the nucleus through a CRM1 dependent mechanism leaving ORF2p and L1 mRNA into the nucleus. During S phase and DNA replication the ORF2p-mRNA L1 particles retrotranspose into new loci of the genome and interact with components of the replication fork: PCNA (pink tube) and MCM proteins (light blue balls).](elife-30058-fig10){#fig10}

Discussion {#s3}
==========

Despite the increasingly appreciated relevance of L1 retrotransposon to normal cellular physiology and disease etiology, many of the steps of L1 retrotransposon lifecycle in human cells are largely unknown. This lack of insight about L1 retrotransposons in human cells is unsurprising considering that many technical challenges hinder studies of this highly repetitive but poorly expressed element, which is effectively repressed by host somatic cells ([@bib37]) and therefore overexpression approaches can reveal otherwise hidden pathways.

It makes sense that nuclear localization of a L1 RNP particle comprising at least ORF2p, with EN and RT activity, bound to L1 mRNA, is essential for L1 retrotransposition to gain access to its target, genomic DNA. Despite this obvious observation, the nature of nuclear L1 RNPs and the process by which L1 gains entry into the nucleus are unknown. No functional nuclear localization signal (NLS) has been identified in the two L1 proteins ORF1p and ORF2p suggesting that their import into the nucleus is either mediated by interacting partners or by cellular processes such as the cell cycle and progression through mitosis during which the nuclear membrane breaks down, allowing the possible entrance of L1 RNPs into the nucleus. The former hypothesis is supported by several studies that show an essential role of cell division on retrotransposition and retrotransposition rate in tissue culture cells ([@bib88]; [@bib72]). On the other hand, other work showed the possibility of L1 retrotransposition in differentiated and non-dividing cells such as human neurons and glioma cells, albeit at substantially lower rates ([@bib56]; [@bib49]). These seeming incongruities may be explained with a possible major mechanism of entry into the nucleus during mitosis and a less frequent mode of nuclear localization for L1 RNPs that is independent of the cell cycle and specific for some cellular state or cell type. Other possible explanations for the discrepancies between our conclusions and works showing retrotransposition in non-dividing cells, are potential cell cycle artifacts caused by the adenovirus vectors or the low rate of proliferation of the cells used.

Through imaging, genetic and biochemical approaches, we show that L1 nuclear import as well as L1 retrotransposition has a strong cell cycle bias ([Figure 10](#fig10){ref-type="fig"}). We also show that ORF1p and L1mRNA, probably in a complex with ORF2p, enters the nucleus during mitosis, accumulating in cells in the G1 phase ([Figure 2](#fig2){ref-type="fig"}). The nuclear localization of L1 RNPs upon transition through mitosis may be due to simple diffusion of L1 RNPs in the nuclear proximity and subsequent sequestration of the particles into the nucleus upon nuclear membrane formation. Another interesting possibility, is that, during mitosis, the L1 RNPs may weakly interact with chromatin, most likely through the positively charged ORF1p. These interactions could increase the chances of L1 RNPs being 'trapped' in the nucleus after reformation of the nuclear membrane. This hypothesis is supported by our unpublished observations that GFP-tagged ORF1p strongly interact with chromatin during metaphase and this process seems to increase the amount of ORF1p observed into the nucleus in early G1. Moreover, as shown in [Figure 8](#fig8){ref-type="fig"} and [Figure 8---figure supplement 1](#fig8s1){ref-type="fig"} of [Figure 8](#fig8){ref-type="fig"}, we always observe ORF1p in chromatin fractions even in the absence of ORF2p (unpublished data). This observation strongly suggests interaction of ORF1p with chromatin independent of retrotransposition itself.

We observe a CRM1 mediated/leptomycin sensitive nuclear export of ORF1p ([Figure 4](#fig4){ref-type="fig"}) that keeps the nuclear level of ORF1p low and helps explain the observation that ORF1p is always mostly cytoplasmic ([Figure 1](#fig1){ref-type="fig"} and [Figure 4](#fig4){ref-type="fig"}). Future studies will need to explore the CRM1/ORF1p interaction and the role of this interaction in L1 RNP cellular dynamics and retrotransposition. The decoupling of the CRM1 role on the cell cycle from its importance on L1 cellular localization will be challenging but essential for the understanding of ORF1p nuclear export. We also show that even if L1 enters the nucleus in M phase, retrotransposition does not happen during cell division (M phase) but it is during the following S phase in which retrotransposition peaks ([Figures 5](#fig5){ref-type="fig"}--[7](#fig7){ref-type="fig"}). The finding that L1 retrotransposition has a strong bias for S phase is, in retrospect, not entirely surprising considering that deoxynucleoside triphosphates (dNTPs), critically necessary for reverse transcription, are at high levels during the S phase and are greatly restricted during the other cell cycle stages ([@bib43]; [@bib77]). This layer of metabolic regulation may reflect an ancient adaptation to limit the proliferation of retroelements. dNTP concentration is tightly controlled by ribonucleotide reductase (RNR), the enzyme that converts ribonucleotide diphosphates (rNDPs) into dNDPs and by SAMHD1 (sterile alpha motif and HD-domain containing protein 1) that cleaves dNTPs to deoxynucleosides ([@bib77]). Indeed, SAMHD1 expression was found to restrict replication of lentiviruses such as HIV, by restricting availability of dNTPs ([@bib44]; [@bib34]). It is therefore not surprising that SAMHD1 was also shown to restrict LINE-1 retrotransposition ([@bib90]) directly supporting the idea that dNTP concentration can profoundly limit L1 jumping. Interestingly, we also found that mimosine, a compound that blocks the cell cycle in G1/early S and that inhibits RNR, also strongly inhibits L1 retrotransposition ([Figure 5](#fig5){ref-type="fig"}). Our findings suggest that inhibition of L1 retrotransposition mediated by mimosine involves multiple mechanisms other than cell cycle inhibition. It is possible that the depletion of dNTPs by mimosine further mediates inhibition of L1 retrotransposition. In complete accord with these observations is our finding that retrotransposition happens in S phase, during which dNTP concentration peaks, allowing efficient reverse transcription and thus L1 retrotransposition. This may thus be viewed as an adaptation of the retroelement to a host defense.

Our functional studies showing S phase bias of L1 retrotransposition are also corroborated by our biochemical observations that show that ORF2p is recruited to chromatin during S phase ([Figure 8](#fig8){ref-type="fig"}) and suggest that ORF2p is recruited to a subset of sites of DNA replication with PCNA and MCM proteins ([Figure 9](#fig9){ref-type="fig"}). Mass spectrometry analysis revealed interaction of the previously described PCNA/ORF2p complex ([@bib84]) with TOP1, RPA1 and PARP1 proteins ([@bib83]) all of which associate with replication forks. Interestingly, the PARP1 interaction suggests that L1 specifically interacts with stalled replication forks ([@bib8]). Our co-localization of PCNA and ORF2p also supports the presence of ORF2p at potential sites of DNA replication, marked by PCNA staining during the S phase. PCNA and ORF2p immunofluorescence revealed that only some PCNA foci of replication overlap with ORF2p nuclear foci, suggesting that, at least in some instances, L1, possibly engaged in TPRT, may specifically interact with a subset of perhaps stalled replication forks. Our data do not clarify whether the replication fork stall is caused by ORF2p nicking of the DNA or alternatively, whether the retrotransposing L1 complex is recruited specifically to previously stalled replication forks. Conversely, not all ORF2p nuclear foci overlap with PCNA sites, supporting a model in which L1 interaction with the replication fork may represent just one of several modes used by L1 to select a DNA target site and retrotranspose. Our previous work ([@bib84]) showed that PCNA does not interact with ORF2p mutated in its endonuclease (EN^-^) or reverse transcriptase (RT-) domain. These observations led us to hypothesize that PCNA is recruited by ORF2p after the first steps of TPRT (nicking of genomic DNA and beginning of L1 mRNA reverse transcription), and not vice-versa (chromatin recruitment of ORF2p by PCNA). Together with the observations presented in this manuscript we envision a model in which L1 RNPs, comprising at least ORF2p and L1mRNA, are recruited to replication forks in S phase during DNA replication. A subset L1 RNPs subsequently mediate productive retrotransposition into target loci, perhaps aided by stalling of the replication fork. During TPRT, PCNA, readily available at the site of DNA replication, can be recruited in the latter steps of retrotransposition perhaps to mediate repair of the newly synthesized L1 cDNA/genomic DNA junctions. It is intriguing to postulate that ligases involved in DNA replication such as ligase 1 (LIG1) may also help seal the final nicks in L1 retrotransposition events. An alternative model that could, at least partially, explain our data hypothesizes that a replication fork collides with a nicked DNA formed by retrotransposing L1. In this latter model, the co-localization of ORF2p with PCNA and MCM proteins would happen after endonuclease cut and initiation of RT by ORF2p. Future work, most likely based on single molecule observation of the retrotransposing L1 RNPs, will be needed to validate this still speculative models.

Interestingly, our observations on ORF1p cytoplasmic/nuclear dynamic suggest deeper implications. The fact that ORF1p is exported from the nucleus before S phase, leads to the conclusion that retrotransposition, happening mainly during DNA replication, is mediated by RNPs depleted of ORF1p and constituted only or predominantly by ORF2p and L1 mRNA, a conclusion also supported by data presented by Taylor et al. ([@bib83]). In vitro studies of TPRT show that the first and presumably critical steps in retrotransposition can efficiently occur in vitro in the absence of ORF1p ([@bib18]). The hypothesis that ORF1p is dispensable for the actual DNA cutting and reverse transcription steps in vivo, is supported by our observation that nuclear ORF1p can be specifically recognized by one of our antibodies (JH73g). We interpret this observation to mean that this antibody recognizes a specific conformational state of ORF1p unique to the nucleus. Not surprisingly, the nuclear form of ORF1p that is recognized by the JH73g Ab, has impaired binding to ORF2p, suggesting that once inside the nucleus, ORF1p may dissociate from the L1 RNPs destined to carry out the critical endonuclease/reverse transcription steps of retrotransposition during S phase. Moreover, most of the ORF1p does not interact with PCNA and MCM6 that, instead, interact mainly with ORF2p. We also observed (rare) instances of cells clearly expressing ORF2p in the nucleus in the absence of detectable ORF1p ([Figure 1](#fig1){ref-type="fig"} and ([@bib83])). Finally, observations of HeLa.S-FUCCI cells expressing Halo tagged ORF1p show that ORF1p is never nuclear in cells in the S/G2/M phase. Halo tagged ORF2p, in contrast, was observed in the nucleus of certain cells in S/G2/M ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}) suggesting that, during these cell cycle stages, ORF2p is in the nucleus without ORF1p. Overall, these data suggest that chromatin bound and retrotransposition-competent L1 particles are depleted of ORF1p and mainly consist of ORF2p in complex with L1 mRNA and host factors involved in retrotransposition. Future studies are necessary to better understand the differences of nuclear and cytoplasmic ORF1p and the molecular processes that may mediate ORF1p depletion from L1 RNPs. An attractive possibility is that ORF1p dissociation from L1 RNPs might be associated with delivering an ORF2-RNA RNP to chromatin, although we do not have direct evidence for this. It is tempting to imagine that in the nucleus, the absence of ORF1p trimers, thought to bind L1 mRNA every 50 nucleotides in the cytoplasm ([@bib47]), may promote ORF2p's unhindered movement during reverse transcription of L1 mRNA in the process of TPRT. This hypothesis will need to be better explored in future studies, by examining ORF2p and L1 mRNA dynamics during the cell cycle. The lack of a sensitive Ab against ORF2p, the fact that most cells expressing ORF1p do not express ORF2p due to an unknown post-transcriptional mechanism controlling ORF2p expression ([@bib84]; [@bib1]; [@bib53]) and the difficulties of detecting ORF2p even in the context of overexpression ([@bib28]), continue to technically challenge the study of L1 cellular dynamics.

More recent advances in the study of L1 retrotransposon, such as the construction and characterization of ORFeus with its increased expression and function ([@bib3]; [@bib41]), the use of smaller and brighter fluorescent tags that allow the exploration of the temporal axis of retrotransposition and the implementation of sensitive biochemical approaches ([@bib68]; [@bib79]; [@bib38]) enabled us to discover new and unexpected interactions between L1 and the 'host' cell. It is not surprising that retrotransposons, evolved within the human genome for millions of years, have 'learned' to leverage important cellular pathways, such as the cell cycle and DNA replication, for their own purpose of spreading and increasing their genomic content ([@bib11]; [@bib12]). On the other hand, it is also increasingly clear how cells respond to L1 expansions during evolution, engaging in an ongoing genetic arms-race ([@bib23]; [@bib60]). For example, as previously proposed, the nuclear membrane may have represented one of many barrier that retrotransposons had to overcome to maintain effective retrotransposition frequency ([@bib10]; [@bib48]).

Materials and methods {#s4}
=====================

Cell lines {#s4-1}
----------

HeLa M2 cells (a gift from Gerald Schumann, Paul-Ehrlich-Institute; ([@bib40]) were cultured in DMEM media supplemented with 10% FBS (Gemini, prod. number 100--106) and 1 mM L-glutamine (ThermoFisher/Life Technologies, prod. number 25030--081) (complete medium). Cells were routinely split in fresh medium upon reaching 80--90% confluency. During routine culture of the cells the medium was changed every 2--3 days.

293T~LD~ cells adapted to suspension ([@bib84]) were used for transfection with PEI and collected to generate cell grindates as previously described in ([@bib84]). Cell grindates were used for IPs presented in [Figure 9C](#fig9){ref-type="fig"}.

HCT116 colorectal carcinoma cells were cultured in McCoy's 5A media (Life Technologies/Gibco, prod. number 16600--108) supplemented with 10% FBS and 1 mM L-glutamine. A subline of these cell line and expressing a V5-PCNA protein was generated using a CRISPR approach. A single Cas9-gRNA vector (PM192) was generated by Golden Gate reaction ([@bib64]) using vector pX459V2.0 (a gift from Feng Zhang, Addgene, plasmid number 62988) and an annealed DNA duplex:

JB17486-F2: CACC G GTCTAGCTGGTTTCGGCTTC 

JB17487-R2: Aaac GAAGCCGAAACCAGCTAGAC C

A gBlock DNA purchased from IDT integrated DNA technologies was used as donor DNA.

PM-GB3: ccgtgggctggacagcgtggtgacgtcgcaacgcggcgcagggtgagagcgcgcgcttgcggacgcggcggcattaaacggttgcaggcgtagcagagtggtcgttgtctttctagGTCTCAGCCGGTCGTCGCGACGTTCGCCCGCTCGCTCTGAGGCTCGTGAAGCCGAAACCAGCTAGACTTTCCTCCTTCCCGCCTGCCTGTAGCGGCGTTGTTGCCACTCCGCCACCATG GGT AAG CCT ATC CCTAACCCTCTCCTCGGTCTC GATTCTACGGGAGAAGGGCAAGGGCAAGGGCAAGGGCCGGGCCGCGGCTACGCGTATCGATCCTTCGAGGCGCGCCTGGTCCAGGGCTCCATCCTCAAGAAGGTGTTGGAGGCACTCAAGGACCTCATCAACGAGGCCTGCTGGGATATTAGCTCCAGCGGTGTAAACCTGCAGAGCATGGACTCGTCCCACGTCTCTTTGGTGCAGCTCACCCTGCGGTCTG

The donor DNA was transfected together with PM192 plasmid using Fugene-HD reagent (Promega, Madison, WI; prod. number E2311) in HCT116 plated in a six well plate. Cells were transfected with 200 ng of donor DNA, 1.5 µg PM192 and 6.8 μl Fugene-HD in 100 μl Opti-MEM (Thermo Fisher scientific, prod. number 31985088). 24 hr after transfection, cells were selected in 1 ug/ml puromycin for additional 48 hr. Single clones were picked after serial dilution of the cells in complete media without puromycin. Clones were screened in 96 well plates for expression of V5 by immunofluorescence staining. The positive clones were then validated by genomic DNA PCR using primers flanking the site of CRISPR cut. The amplified band was gel isolated and sequenced by Sanger sequencing. The primers used are the following:

JB17488-PCNACseqF

CTGCAGATGTACCCCTTGgt

JB17489-PCNACseqR

GACCAGATCTGACTTTGGACTT

The positive clones were then also validated by western blotting analysis using an antibody against PCNA and V5 tag.

The HCT116-V5-PCNA cell line was then used to generate stable cell lines expressing the rtTA transactivator. The pTet-ON advance vector (Clonetech, prod. number 631069) was transfected and cells were then selected for several weeks using media supplemented with 250 μg/ml neomycin. Clones were screened using a construct encoding GFP under the control of a tetracycline activated promoter. Finally, HCT116-V5-PCNA-rtTA cell lines stably maintaining episomal pCEP-puro-plasmids expressing ORFeus (LD401) were generated and cultured under puromycin selection (1 μg/ml) to prevent the loss of the L1 plasmids and neomycin (250 μg/ml) to prevent the loss of rtTA transactivator.

120 15 cm plates of HCT116-V5-PCNA-rtTA-LD401 cells were used to immunoprecipitate ORF2p-Flag using Flag-M2 antibodies (Sigma, prod. number F1804). The immunoprecipitated protein complexes were then used as input to immunoprecipitate V5-PCNA with V5 antibodies (Invitrogen, prod. number 46--1157). Immunoprecipitation assays were conducted as described below.

HeLa.S-Fucci cells were purchased from the Riken BRC cell bank (RIKEN BioResource Center, Japan, prod. number RCB 2812). Stable HeLa.S-FUCCI cells expressing rtTA were generated transfecting a pTet-ON advance vector (Clontech, prod. number 631069) subcloned to carry a blasticidin resistance cassette instead of a neomycin resistance cassette. Cells were selected for several weeks in 15 μg/ml blasticidin and several clones screened for the expression of firefly luciferase under a control of a doxycycline promoter (gift from S.K. Logan laboratory). The selected stable HeLa.S-FUCCI-rtTA cell lines were cultured in complete DMEM media supplemented with 15 ug/ml blasticidin.

Plasmids and DNA constructs {#s4-2}
---------------------------

LD401 (ORFeus with 3xFlag ORF2) and MT302 (L1rp with 3xFlag ORF2 and L1 5'UTR) plasmids were previously described and characterized in ([@bib84]).

PM160 (ORfeus with L1rp 5'UTR) plasmid was obtained through Gibson reaction of a PCR L1 5' UTR DNA fragment from MT302 used as template.

PM226 (L1rp with 3xFlag ORF2 and without L1 5'UTR) was generated by ligation of a synthetic 5' end of L1rp without UTR to the BsiWI-PmlI cut MT302 vector.

EA79 (untagged ORFeus with GFP-AI cassette) was constructed subcloning ORFeus under a Tet inducible promoter into a pCEP-4 plasmid (ThermoFisher scientific, prod. number V04450) in which the hygromycin resistance cassette was substituted with a puromycin resistance cassette, as previously described in ([@bib84]) (pCEP-puro plasmid).

The fluorescent timer FT-AI cassette was built with Gibson assembly using two synthetic DNA fragments (Quinglan Biotech and Twist Bioscience) ligated into the BstZ17I 3'UTR of untagged ORFeus (PM260). Sequences of the fast fluorescent timer mCherry variant are the same of plasmid pTRE-Fast-FT (a gift from Vladislav Verkhusha, Addgene plasmid number 31913)([@bib79]).

Constructs expressing Halotag7-ORF1p (PM285) and Halotag7-ORF2p (PM283) were made by Gibson assembly of a PCR DNA fragment encoding the HaloTag7 (pLH1197-pcDNA3.1-PfV-Halo, a gift from Liam Holt) and pCEP-puro-ORFeus vector. The tag was inserted right before ORF1p and ORF2p stop codon downstream of a G4S linker.

The MEK1-GFP expression plasmid was purchased from Addgene (plasmid \#14746).

All constructs were verified by Sanger sequencing (Genewiz).

Immunoprecipitation, electrophoresis and western analysis {#s4-3}
---------------------------------------------------------

HeLa M2 cells were lysed in SKL Triton lysis buffer (50 mM Hepes pH7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 25 mM NaF, 10 μM ZnCl~2~) supplemented with protease and phosphatase inhibitors (Complete-EDTA free, Roche/Sigma prod. number 11873580001; 1 mM PMSF and 1 mM NaVO~4~). NuPage 4XLDS sample buffer (ThermoFisher Scientific, prod. number NP0007) supplemented with 1.43M β-mercaptoethanol was added to the samples to reach a 1X dilution (350 mM β-mercaptoethanol final concentration) before gel electrophoresis performed using 4--12% Bis-Tris gels (ThermoFisher Scientific, prod. number WG1402BOX). Proteins were transferred on Immobilon-FL membrane (Millipore, prod. number IPFL00010), blocked for 1 hr with blocking buffer (LiCOR prod. number 927--40000):TBS buffer (50 mM Tris Base, 154 mM NaCl) 1:1 and then incubated with primary antibodies solubilized in LiCOR blocking buffer:TBS-Tween (0.1% Tween in TBS buffer) 1:1. Secondary donkey anti-goat antibodies conjugated to IRDye680 (anti-rabbit) or IRDye800 (anti-mouse) dyes (LiCOR prod. number 926--32210 and 926--68071), were used for detection of the specific bands on an Odyssey CLx scanner (LiCOR). 293T~LD~ grindates used in [Figure 9C](#fig9){ref-type="fig"} were lysed in extraction buffer (20 mM Hepes pH 7.4, 500 mM NaCl, 1% Triton X-100) supplemented with protease and phosphatase inhibitors.

Immunoprecipitations were performed using 5--10 µl of dynabeads conjugated to primary antibodies (Dynabeads Antibody Coupling kit, Life Technologies, prod. number 14311D) incubated with lysates for at least 1 hr nutating at 4°C. After five washes in lysis buffer the immunocomplexes were eluted either in sample buffer, shaken with beads for 10 min at 70°C or using 3xFLAG (Sigma, prod. number F4799) or V5 (Sigma, prod. number V7754) peptides shaken with beads for 1 hr at 4°C. After elution, supernatants were collected and β-mercaptoethanol added to a final concentration of 350 mM.

Antibodies against ORF1p used in this study are:

-   4H1 = Mouse monoclonal antibody targeting amino acids 35 to 44 of human ORF1p ([@bib66]; [@bib84]; [@bib31]) (Millipore, cat. number MABC1152).

-   JH74 = Rabbit monoclonal antibody raised against the C-terminus of human ORF1p ([@bib31]) (a gift from Dr. Jeffry Han)

-   JH73g = Rabbit monoclonal antibody raised against the C-terminus of human ORF1p and immuno-purified by Genscript from hybridoma cells (a gift from Dr. Jeffry Han). Please note that this antibody is distinct from JH73 ([@bib84]) (see [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}).

-   4632 = Rabbit polyclonal antibody against human ORF1p (a gift from Dr. Thomas Fanning)

We also compared the previously described JH73 antibody ([@bib84]) with the JH73g antibody ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). These two antibodies were derived from the same rabbit immunization using a purified globular ORF1p C-terminus (Dr. Jeffry Han, unpublished data). We confirmed that JH73g Ab is distinct from JH73 Ab displaying clear differences in the light chain migration and base peak chromatogram ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}).

IP-RT-qPCR {#s4-4}
----------

Immunoprecipitation of L1 complexes used for the analysis of L1 mRNA were conducted exactly as for the IPs used for mass spectrometry analysis of ORF2p-PCNA complexes. It is worth noting that the buffer used to IP the ORF2p-PCNA complex (SKL Triton lysis buffer) is different from the elution buffer (EB500) used in ([@bib84]) and optimized for the detection of ORF1p and ORF2p interaction. We could detect a much lower amount of PCNA interacting with ORF2p using EB500 buffer and we were not able to detect L1 mRNA after sequential ORF2p and PCNA IP, using EB500 buffer.

HCT116-V5-PCNA expressing ORFeus (LD401) (about 1 × 10^6^ cells for single IP and about 70 × 10^6^ cells for sequential IP) were collected by trypsinization and lysed in SKL Triton lysis buffer (50 mM Hepes pH7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 25 mM NaF, 10 μM ZnCl~2~) supplemented with 1 mM DTT, 400 µM Ribonucleoside Vanadyl Complex (VRC)(NEB, prod. number S1402), 400U per ml of buffer of RNASEOUT (Thermo, prod. number 10777019), protein inhibitor and phosphatase inhibitor (Complete-EDTA free, Roche/Sigma prod. number 11873580001; 1 mM PMSF and 1 mM NaVO~4~). The cells-lysate mixture was stored at −80°C over-night. The next day the mixture was thawed on ice and centrifuged for 15 min at 16,000 rcf at 4°C. ORF2p complexes were immunoprecipitated over-night at 4°C using a mouse FLAG-M2 antibody (Sigma, pred. number F1804) coupled to magnetic beads (Dynabeads Antibody Coupling kit, Life Technologies, prod. number 14311D). Beads were washed three times in Triton buffer and protein complexes were then eluted using 100 µl of 1 mg/ml 3xFLAG peptide (Sigma, product. Number F4799) supplemented with protease, phosphatase and RNase inhibitors for 1 hr at 4°C under shaking. The 3xFLAG eluate was split into half and used for the second immunoprecipition using normal mouse IgG control (Santa Cruz, prod. number sc2025) or V5 (Invitrogen, prod. number 46--1157) coupled beads for 4 hr. Beads were washed three times in Triton buffer, resuspended in 100 µl of Triton buffer containing 30 µg of proteinase K (Invitrogen, prod. number 25530049). The mixture was incubated at 55°C for 30 min. 1 ml of Trizol (Life Technologies, prod. number 15596026) was directly added to the beads mixture and mRNA was purified using RNA clean-up and concentration columns (Norgen Biotek, prod. number 23600). cDNA was generated from RNA (380 ng for single IP and 245 ng for sequential IP) using the USB First-Strand cDNA synthesis kit for Real-Time PCR (Affimetrix, prod. number 75780). Q-PCR was performed using a standard curve of LD401 plasmid. Each Q-PCR reaction contained 2.5 µl of Sybr Green mastermix 2X (Roche, LightCycler 480 SYBR Green I Master, prod. number 04887352001), 25 nl of forward primer (100 µM), 25 nl of reverse primer (100 µM), 100 nl of cDNA for the single IP and 500 nl of cDNA for the sequential IP and water to 5 µl (final volume). Q-PCR was performed using a Light Cycler 480 (Roche) with standard conditions. The primers used for qPCR amplify a 185 bp amplicon in ORF1 and are reported below:

JB13415 (forward): GCTGGATGGAGAACGACTTC

JB13416 (reverse): TTCAGCTCCATCAGCTCCTT

Mass spectrometry analysis {#s4-5}
--------------------------

Samples were reduced and alkylated with DTT (1 hr at 57°C) and iodoacetamide (45 min at room temperature). The samples were then loaded on a NuPAGE 4--12% Bis-Tris gel (ThermoFisher Scientific, prod. number WG1402BOX) and ran for only 10 min at 200V. The gel was then stained with GelCode Blue Staining Reagent (ThermoFisher, prod. number 24590) and the protein bands were excised. The gel plugs were cut into 1 mm^3^ pieces, washed and destained with 1:1 (v/v) (methanol:100 mM ammonium bicarbonate). After at least five solvent exchanges the gel plug was dehydrated by aspirating 100 µl of acetonitrile (ACN) and further dried in the SpeedVac. In-gel digestion was performed by adding 250 ng of trypsin (ThermoFisher, prod Number 90057) onto the dried gel plug followed by 300 μl of ammonium bicarbonate 100 mM. Digestion was carried out overnight at room temperature with gentle shaking. The digestion was stopped by adding 300 μl of R2 50 μM Poros beads in 5% formic acid and 0.2% trifluoro acetic acid (TFA) and agitated for 2 hr at 4°C. Beads were loaded onto equilibrated C18 ziptips and additional aliquots of 0.1% TFA were added to the gel pieces and the wash solution also added to the ziptip. The Poros beads were washed with additional three aliquots of 0.5% acetic acid and peptides were eluted with 40% acetonitrile in 0.5% acetic acid followed by 80% acetonitrile in 0.5% acetic acid. The organic solvent was removed using a SpeedVac concentrator and the samples reconstituted in 0.5% acetic acid. An aliquot of each sample was loaded onto an Acclaim PepMap100 C18 75 μm x 15 cm column with 3 μm bead size coupled to an EASY-Spray 75 μm x 50 cm PepMap C18 analytical HPLC column with a 2 μm bead size using the auto sampler of an EASY-nLC 1000 HPLC (Thermo Fisher Scientific) and solvent A (2% acetonitrile, 0.5% acetic acid). The peptides were eluted into a Thermo Fisher Scientific Orbitrap Fusion Lumos Tribrid Mass Spectrometer increasing from 5% to 35% solvent B (80% acetonitrile, 0.5% acetic acid) over 60 m, followed by an increase from 35% to 45% solvent B over 10 m and 45--100% solvent B in 10 m. Full MS spectra were obtained with a resolution of 120,000 at 200 m/z, an AGC target of 400,000, with a maximum ion time of 50 ms, and a scan range from 400 to 1500 m/z. The MS/MS spectra were recorded in the ion trap, with an AGC target of 10,000, maximum ion time of 60 ms, one microscan, 2 m/z isolation window, and Normalized Collision Energy (NCE) of 32. All acquired MS2 spectra were searched against a UniProt human database using Sequest within Proteome Discoverer (Thermo Fisher Scientific). The search parameters were as follows: precursor mass tolerance ±10 ppm, fragment mass tolerance ±0.4 Da, digestion parameters trypsin allowing two missed cleavages, fixed modification of carbamidomethyl on cysteine, variable modification of oxidation on methionine, and variable modification of deamidation on glutamine and asparagine and a 1% peptide and protein FDR searched against a decoy database. The results were filtered to only include proteins identified by at least two unique peptides.

Proteins identified exclusively in the V5-PCNA IP (279 in analysis 1 and 158 in analysis 2) and not in the parallel IP with the control IgG were considered components of the PCNA-ORF2 complex ([Figure 9](#fig9){ref-type="fig"} and [Figure 9---source data 1](#fig9sdata1){ref-type="supplementary-material"}). These proteins were queried in the STRING database ([@bib82]) to identify known interactions between these candidates. The most enriched GO Biological Process classes were RNA splicing (GO ID = 0008380; FDR = 1.18e-14) for the first analysis and viral process (GO ID = 0016032; FDR = 1.05e-16) for the second analysis.

Mass spectrometry analysis of JH73 and JH73g antibodies was performed as follows: the antibodies were buffer exchanged to 100 mM ammonium bicarbonate using 7K molecular weight cutoff Zeba Spin Desalting columns (Thermo Scientific) as per the manufacturer recommended protocol to remove glycerol. Following buffer exchange, samples were denatured with 8M Urea in Tris-HCl solution. Denatured samples were reduced with dithiothreitol (2 μl of a 1 M solution) at 37°C for 1 hr and then alkylated with iodoacetic acid at room temperature in dark for 45 min (12 μl of a 1M solution). Samples were diluted to final urea concentration of 2M to facilitate enzymatic digestion. Each sample was split into two aliquots and digested using trypsin and pepsin. For trypsin digestion, 100 ng of sequencing grade-modified trypsin was added and digestion proceeded overnight on a shaker at RT. To inactivate the trypsin, samples were acidified using trifluoroacedic acid (TFA) to final concentration of 0.2%. For pepsin digest, samples were acidified to pH \<2 using 1M HCl and digested using 100 ng of pepsin (Promega) for 1 hr at 37°C. Pepsin was heat inactivated by incubating the samples at 95°C for 15 min. Peptide extraction was performed by addition of 5 μl of R2 20 μm Poros beads slurry (Life Technologies Corporation) to each sample. Samples were incubated with agitation at 4°C for 3 hr. Peptide extraction was performed as described above. Digested peptides were loaded onto the column using the HPLC set up described above. The peptides were gradient eluted directly into a Q Exactive (Thermo Scientific) mass spectrometer using a 30 min gradient from 5% to 30% solvent B (80% acetonitrile, 0.5% acetic acid), followed by 10 min from 30% to 40% solvent B and 10 min from 40% to 100% solvent B. The Q Exactive mass spectrometer acquired high resolution full MS spectra with a resolution of 70,000, an AGC target of 1e6, maximum ion time of 120 ms, and a scan range of 400 to 1500 m/z. Following each full MS twenty data-dependent high resolution HCD MS/MS spectra were acquired using a resolution of 17,500, AGC target of 5e4, maximum ion time of 120 ms, one microscan, 2 m/z isolation window, fixed first mass of 150 m/z, Normalized Collision Energy (NCE) of 27, and dynamic exclusion of 15 seconds.

Immunofluorescence staining, live imaging and nuclear/cytoplasmic fractionation {#s4-6}
-------------------------------------------------------------------------------

For immunofluorescence staining, cells were grown on coverslips or chamber-slides (Nunc, prod. number 154534) coated with 10 μg/ml fibronectin (ThermoFisher, prod. number 33016--015) in PBS for 4 hours-over night at 37°C. After plating cells were treated with 0.1 μg/ml doxycycline to induce expression of L1 (ORFeus or L1rp). After induction cells were prefixed adding formaldehyde (Fisher, prod. number F79-500) 11% directly to the culture media to a final concentration of 1%. After 10 min at room temperature the media/formaldehyde mixture was discarded and cells were fixed for 10 min at room temperature with formaline 4% in PBS (Life Technologies, prod. number 10010--049). For PCNA/ORF2p immunofluorescence presented in [Figure 9](#fig9){ref-type="fig"} cells were fixed for 20 m in cold methanol. Cells were then washed twice in PBS supplemented with 10 mM glycine and three times in PBS. Cells were then incubated for at least 1 hr at room temperature in LiCOR blocking buffer (LiCOR prod. number 927--40000). Upon blocking, cells were incubated over night at 4°C with primary antibodies diluted in LiCOR blocking buffer. The next day cells were washed five times in PBS with 0.1% Triton-X 100 and then incubated in secondary antibodies (Invitrogen, prod. number A11029, A11031, A11034, A11036, A32733) for 1 hr in the dark at room temperature. Cells were then washed five times in PBS with 0.1% Triton-X100 and 3 times in PBS and then coverslips or chamber slides mounted using VectorShield mounting media with DAPI (Vectorlab, prod. number H1200). Pictures were taken using an EVOS-FL Auto cell imaging system (Invitrogen).

Pictures of HeLa-S.FUCCI live cells expressing Halotag7 ORF1p and ORF2p were obtained incubating the cells for 15 min with 100 nM JF646 dye (a gift from Timothee Lionnet)([@bib38]) in complete FluoroBrite DMEM media (ThermoFisher, prod. number A1896701). After incubation with the dye, the cells were washed twice in PBS before observation under the microscope. Live cell imaging was performed using an EVOS-FL auto cell imaging system with on stage incubator. Live cell images and Z stack movies were obtained using an Andor Yokogawa CSU-x spinning disk on a Nikon TI Eclipse microscope and were recorded with an scMOS (Prime95B, Photometrics) camera with a 100x objective (pixel size 0.11 μM). Images were acquired using Nikon Elements software and analyzed using ImageJ/Fiji ([@bib69]).

Cytoplasmic/nuclear fractionation was performed using a protein fractionation kit (Thermo prod. number 78840).

Cell synchronization {#s4-7}
--------------------

HeLa M2 cells were synchronized in M phase by nocodazole treatment and mitotic shake off. Briefly, cells were treated for 12 hr with nocodazole 60 ng/ml and mitotic cells collected in the supernatant after vigorous tapping of the plate. Cells were then washed three times in complete media and released into the cell cycle in fresh complete DMEM media.

HeLa cells were synchronized in G1/S boundary by double thymidine synchronization. 0.35 × 10^6^ cells were plated in 10 cm culture plates in complete media. After six hours media was exchanged with complete DMEM supplemented with 2 mM thymidine freshly solubilized. After 18 hr, cells were washed three times in PBS and released into the cell cycle with complete media. After 9 hr, 2 mM thymidine medium was added a second time to the cells for additional 15 hr. Cells were then trypsinized, washed twice in PBS and released into the cell cycle in complete DMEM media.

Propidium Iodide staining and cell cycle analysis {#s4-8}
-------------------------------------------------

About 1 × 10^6^ cells were collected in a 1.5 ml tube and fixed at −20°C with 70% cold ethanol for at least 24 hr. Cells were then pelleted by centrifugation at 420 rcf for 5 m and resuspended in HBSS:Phosphate citrate buffer 1:3 (phosphate citrate buffer: 24 parts 0.2M Na~2~HPO~4~ and 1 part of 0.1M citric acid) supplemented with 0.1% Triton X-100. Cells were incubated in this buffer for 30 m at room temperature, subsequently pelleted and resuspended in propidium iodide (PI) staining buffer (20 μg/ml PI, 0.5 mM EDTA, 0.5% NP40, 0.2 mg/ml RNase A in PBS). Cells were incubated in PI staining buffer for 2 hr at 37°C in the dark. After incubation, PI fluorescence was analyzed on an Accuri C6 flow cytometer (BD bioscience) to determine the percentage of cells in each stage of the cell cycle.

Fluorescence In Situ hybridization (RNA-FISH) {#s4-9}
---------------------------------------------

RNA-FISH against recoded and non-recoded L1 was performed using 48 probes against L1 sequence and labelled with cy5 or cy3 fluorophores. The 20 nucleotides probes were designed using Stellaris probe designer from LGC Biosearch Technologies (minimum spacing length = 2; genomic mask factor = 2). The nucleotide sequence of the probes against L1rp and ORFeus is listed in [Supplementary file 1](#supp1){ref-type="supplementary-material"}.

In each well of a 24 well plate, 0.03 × 10^∧^6 HeLa-M2 cells expressing ORFeus or L1rp were plated on coverslips coated with 10 μg/ml fibronectin (ThermoFisher, prod. number 33016--015). Expression of L1 was induced with 0.1 µg/ml doxycycline for 24 hr. After induction cells were prefixed adding formaldehyde (Fisher, prod. number F79-500) 11% directly to the culture media to a final concentration of 1%. After 10 min at room temperature the media/formaldehyde mixture was discarded and cells were fixed for 10 min at room temperature with formaline 4% in PBS (Life Technologies, prod. number 10010--049). Cells were then permeabilized for 10 min in PBS supplemented with 0.5% Triton-X 100 followed by a wash in PBS for additional 10 min. Cells were then incubated in pre-hybridization buffer (10% deionized formamide in 2X saline-sodium citrate (SSC) buffer). L1 mRNA was then stained for 3 hr incubating the coverslips in hybridization buffer (for 6 50 µl reactions (total volume = 300 µl): 30 µl of deionized formamide, 6 µl of competitors (5 mg/ml E. coli tRNA +5 mg/ml salmon sperm ssDNA), 1.5 µl of 60 ng/µl probe, 150µl of 20% dextran sulfate, 30 µl of 20 mg/ml BSA, 52.5 µl of water) at 37°C in the dark. After hybridization, coverslips were washed once for 20 min at 37°C in the dark and once at room temperature on a slow shaker with 10% formamide in 2X SSC buffer. Coverslips were then washed for 10 min in PBS, stained with DAPI (0.5 µg/ml in PBS) and mounted on slides using ProLong Gold mounting media (ThermoFisher, prod. number P36930). We observed a much higher nuclear background signal using L1rp probes compared to using ORFeus probes in L1 non-expressing cells. This high background may be explained with non-specific binding of the probes to genomic L1 sequences.

Immunofluorescence staining of ORF1p and ORF2p/Flag was performed after RNA-FISH as reported above.

Retrotransposition assay {#s4-10}
------------------------

Retrotransposition assays shown in [Figure 5](#fig5){ref-type="fig"} were performed using HeLa-M2 cells stably expressing plasmid EA79 (pCEP-puro-ORFeus-GFP-AI). The experimental design is reported in [Figure 5A](#fig5){ref-type="fig"}. Briefly, HeLa M2 cells transfected with EA79 plasmid were selected for at least 5 days in medium containing 1 μg/ml puromycin to generate stable cell lines that maintain episomal EA79. Expression of recoded L1 was induced with 1 μg/ml doxycycline. Measurements of GFP positive cells were done collecting cells by shake off ([Figure 5B](#fig5){ref-type="fig"}) or trypsinizing the cells ([Figure 5C and D](#fig5){ref-type="fig"}) and resuspending them in FACS buffer (HBSS buffer supplemented with 1% FBS, 1 mM EDTA and 100 U/ml of Penicillin-Streptomycin). To exclude dead cells from the measurement of GFP^+^ cells, 5 μg/ml propidium iodide (PI) was added for at least 5 min to the solution containing cells before measuring the percentage of GFP^+^ cells with an Accuri C6 flow cytometer (BD bioscience). GFP and PI signals were compensated before analysis. Retrotransposition assays presented in [Figure 6C--D](#fig6){ref-type="fig"} were performed using HeLa M2 cells transfected with EA79 plasmid and always selected for 5 days in media containing 1 μg/ml puromycin as specified in the experimental design reported in [Figure 6A](#fig6){ref-type="fig"}.

Cell cycle analysis of retrotransposition using FT-AI reporter {#s4-11}
--------------------------------------------------------------

Measurements of the cell cycle stage of cells that underwent retrotransposition using a fluorescent timer-AI reporter (PM260 plasmid) reported in [Figure 7B and C](#fig7){ref-type="fig"} were done following two different approaches:

1.  Reported in [Figure 7B](#fig7){ref-type="fig"} and [Figure 7---figure supplement 2A](#fig7s2){ref-type="fig"}-B= HeLa M2 cells transfected with plasmid PM260 and selected for 5 days in puromycin were treated with doxycycline 1 μg/ml. After 24 hr of doxycycline induction, blue^+^red^-^ and blue^-^red^-^ (negative control) cells were sorted using a Sony SH800 sorter (Sony biotechnology Inc.). Cells were sorted directly into a tube containing cold 75% ethanol. The sorted cells were then stained with PI and their cell cycle stage determined as reported above.

2.  Reported in [Figure 7C](#fig7){ref-type="fig"} and [Figure 7---figure supplement 2C](#fig7s2){ref-type="fig"}-D= HeLa M2 cells transfected with plasmid PM260 and selected for 5 days in puromycin were treated with doxycycline 1 μg/ml. After 24 hr of doxycycline induction, cells were incubated with complete media containing SYTO61 DNA binding dye (ThermoFisher, prod. number S11343) and doxycycline 1 μg/ml for one hour. Cells were then washed twice in PBS, trypsinized and resuspended in FACS buffer (see above). Fluorescence emissions from the fluorescent timer-AI reporter and SYTO61 DNA dye were measured using an LSRII UV analyzer flow cytometer (BD Bioscience). The cell cycle stage of blue^-^red^-^ (negative control), blue^+^red^lower^ and blue^+^red^higher^ cells was determined.

Analysis of the percentage of cells in the different cell cycle stages was determined using FlowJo v10.2 software.

Western blot quantification {#s4-12}
---------------------------

Quantification of western blot protein bands was performed using Image Studio ver. 3.1 software on LiCOR CLx scanned images.

Quantification of ORF1p and ORF2p cellular localization {#s4-13}
-------------------------------------------------------

Quantification of cellular localization of ORF1p and ORF2p was performed counting more than 1000 cells in three different cell preparations. For each experiment, LED intensity, camera gain and exposure were kept constant and set so that background fluorescence was negligible using a negative control sample (cells not expressing L1) that will have no signal using the chosen setting ([Figure 1---figure supplement 4](#fig1s4){ref-type="fig"}).

For quantification reported in [Figure 4A](#fig4){ref-type="fig"}, HeLa cells expressing ORFeus were plated on eight wells chamber, induced with doxycycline, fixed and stained as described in the method section. Images of cells stained with JH74 antibody against ORF1p and Alexa 647 conjugated secondary antibody (Invitrogen, prod. number A32733), were collected with the Arrayscan VTI and quantified using the Compartmental Analysis Bioapplication. Briefly, 16 fields per treatment were acquired at 20x magnification and 2 × 2 binning (1104 × 1104 resolution). DAPI positive nuclei were identified using the dynamic isodata thresholding algorithm after minimal background subtraction. DAPI images were used to identify cell nuclei and to delineate the nuclear edges (x = 0). A 'circle' smaller than the nucleus (x=-4) was used to identify cells with nuclear ORF1p and a 'ring' outside the nucleus (1 \< x \> 8) was used to identify cells expressing cytoplasmic ORF1p. Limits of fluorescence were set so that no cells were considered positive for preparations of cells not treated with doxycycline (negative control). The reported parameters are explained below:

Total = total number of DAPI nuclei counted;

Nuclear ORF1p=cells with fluorescence signal inside the circle (x=-4) higher than the limit (higher fluorescence signal of the circle in the negative control)

Cytoplasmic/total ORF1p=cells with fluorescence signal inside the ring (1 \< x \> 8) higher than the limit (higher fluorescence signal of the ring in the negative control).

Because all cells expressing L1 show expression of ORF1p in the cytoplasm, the number of cells with cytoplasmic ORF1p was considered as the number of total cells expressing ORF1p. The percentage of cells with nuclear ORF1p was calculated as:

(number of cells with nuclear ORF1p)\*100/(number of cells with cytoplasmic ORF1p=total number of cells expressing ORF1p).

All results are reported as mean and the error calculated as standard deviation (S.D.) or standard error of the mean (S.E.M). Data are considered to be statistically significant when p\<0.05 by two-tailed Student's T test. In [Figure 5](#fig5){ref-type="fig"}, asterisks denote statistical significance as calculated by Student's T test (\*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001).

Proximity analysis {#s4-14}
------------------

HeLa M2 cells expressing ORFeus for 24 hr were plated on fibronectin treated chamber-slides, treated with 0.1 μg/ml doxycycline, fixed and stained using JH74 rabbit primary antibody against ORF1p, Alexa 647 conjugated anti-rabbit secondary antibody and DAPI as described in the method section. Images were collected with the Arrayscan VTI system and cell positions within each slide obtained using the Compartmental Analysis Bioapplication. To quantify if cells with nuclear ORF1 are significantly closer to each other compared to random cells, we first calculated the shortest distance for each nuclear ORF1 cell to another nuclear ORF1 cell. Next, we randomly and repeatedly (n = 1000) select the same number of cells as there are nuclear ORF1 cells and obtain the distribution of distances that correspond to random localization of non-nuclear ORF1 cells. We used the random distribution to calculate the p-value and a false discovery rate (FDR). Finally, we compared the distribution of distances for nuclear ORF1 cells that are significantly closer to each other (p-value=0.1) with the distribution of a random sample that did not express nuclear ORF1 using a Wilcoxon rank sum test.

Data and software availability {#s4-15}
------------------------------

Mass spectrometry data for ORF2p and V5-PCNA sequential IP presented in [Figure 9](#fig9){ref-type="fig"} have been deposited in MassIVE archive under submission number MSV000081124 and in ProteomeXchange archive under submission number PXD006628.
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###### RNA-FISH probe sequences.

The DNA sequences of the RNA-FISH probes used to detect L1rp and ORFeus mRNA are reported.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"LINE-1 and the cell cycle: protein localization and functional dynamics\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and James Manley as the Senior Editor. The following individuals involved in review of your submission have agreed to reveal their identity: Suzanne Sandmeyer (Reviewer \#2); Geoffrey Faulkner (Reviewer \#3).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

The work presented in the paper addresses an issue in the retrotransposition field that is of long standing, of much interest to other areas (the cell cycle field), and of much significance in understanding aspects of trafficking and nucleic acid sensing. The major conclusion is that LINE1/L1 \"hop\" frequencies are affected by the cell cycle. Numerous readouts of L1 components are assayed and localized across the cell cycle, under various manipulations of the cycle.

Essential revisions:

The paper was uniformly viewed by the three reviewers as being of much interest and value. All three had very specific issues that they felt needed to be addressed/corrected before the paper would be suitable for acceptance. I include all their reviews with this response because I think their full comments will be valuable. With respect to their comments, the most important could be summarized here:

1\) Reviewer 1 suggests adding more assays of the L1 nucleic acids, admitting that this is a major undertaking. I agree that this is probably too much to ask, though certainly any information the authors have available in this area would strengthen the paper.

The other issues here should be readily addressed, mostly by softening claims or interpretations.

Interpreting the cell cycle status seems to need revising.

The significance of the Orf2-containing complexes seems to need softening \-- the assumptions about their position in the life cycle of retrotransposition need to be revised.

2\) Reviewer 2:

The Orf1 localization, and again the significance and the basis of that localization, seem to be in question. Likely the conclusions here need to be softened, or at least better justified. An alternative explanation should be discussed, or the reasons for not doing so, should be offered.

The effects of synchrony on transposition have an alternative explanation that, again, should be addressed or dismissed, if there is a reason to do so.

The other requests for clarification should be addressed by revisions.

3\) Reviewer 3:

All the requests for clarification here seem appropriate and can be addressed by revisions. Points 10 and 12 are more demanding. Point 10 in particular asks for more data, and I agree this would be attractive but may require much work. Likely this point can be handled by softening the interpretations, or offering alternatives. Point 12 is an issue of much interest to me, and I hope can be addressed in detail \-- the timing of appearance of the readout is key, and needs to be brought up (probably right away in the description of the experiments).

We look forward to a revision addressing as many of the comments of the reviewers as possible.

Reviewer \#1:

This manuscript was submitted as a companion to Malloy et al. although they are related and could possibly be merged into a single perhaps more robust report, I agree that as written these two co submitted datasets tell two separate but complementary stories that are strong enough to stand alone; this study provides exciting new information that addresses a controversy in the literature about whether LINE-1 retrotransposes in dividing or non-dividing cells and reports novel findings about the timing of different L1 intermediates across the cell cycle. The only major concern is that this work would be strengthened by co-identification/localization of L1 nucleic acid intermediates, ideally both RNA and cDNA, although this addition would be a major undertaking and should not be required before this substantial advance to the field can be shared. However, the lack of this information impacts and to some extent invalidates the conclusions as stated. My concerns are largely about the authors\' interpretations and conclusions, and not the quality or robustness of the data which are excellent.

In descriptions of [Figure 1](#fig1){ref-type="fig"}, it appears that nuclear ORF2p has a punctate pattern in the top panel, but a uniform distribution in the bottom panel, or if punctate, co localizing with ORF1p which also appears faintly punctate in the bottom panel nuclear staining. Also, the data in [Figure 1---figure supplement 1F](#fig1s1){ref-type="fig"}igure with JH73 seems to show more punctate nuclear ORF1p staining, as does [Figure 2A](#fig2){ref-type="fig"} and the first movie. Either better images are required or the text needs to back off from the claim that there is only uniform, non-punctate ORF1p nuclear staining and that this is completely distinct from the pattern of ORF2p staining.

In light of the accompanying manuscript by Malloy, the conclusion (subsection "Analysis and quantification of ORF1p and ORF2p expression and cellular Localization") \"impaired in binding to ORF2p....most of the nuclear ORF1p species fail to bind ORF2p\" is somewhat misleading -- most of the ORF2p detected overall is not bound to ORF1p in the absence of RNA and the RNA is a crucial transposition intermediate.

Some of the cell cycle interpretations are questionable because: Cyclebase3.0 indicates that Cdt1 is max at the G1/S boundary, not G1 (as repeatedly noted), and geminin increases at the beginning of S but is maximal beginning mid-S through midG2, then declines again. Also, the effects of leptomycin treatment are less than 2x. These kinetics and results call into question the interpretation in subsection "LINE-1 retrotransposition peaks during S phase" \"Following early G1, ORF1p is then exported to the cytoplasm.\" Maybe instead TPRT occurs immediately prior to release of the cell cycle G1/S block (no reason to assume that block prevents ORF2 endo or RT function), ORF1p is displaced as RNA is copied to cDNA and then exported/degraded. This scenario is also consistent with the findings in [Figure 4](#fig4){ref-type="fig"} with the nocodazole block.

Major concerns regarding the conclusions of subsection "ORF2p binds chromatin and localizes at replication forks with PCNA during S Phase" \"Interestingly, as expected from our previous observations revealing that ORF1p is not necessarily in the complex(es) with chromatin bound retrotransposing L1RNPs, immunoprecipitation of ORF1p pulled down only a small amount of ORF2p, and also a smaller amount of MCM6 and PCNA proteins. These observations suggest that the retrotransposing L1 complex containing ORF2p, PCNA and components of the replication fork such as MCM6, are depleted of ORF1 proteins\". What is the evidence that the ORF2p-PCNA complex is a \"retrotransposing L1 complex\"? Minimally it is necessary to show that L1 RNA is there since that is a key intermediate in the complex undergoing active retrotransposition. Perhaps the ORF2 that lingers on the DNA with PCNA is simply stable with an interference complex, or a repair complex after all of the key tprt steps (cleavage of target and reverse transcription of the RNA) are completed. What evidence eliminates either a pre-tprt non-productive interference complex or a post-tprt repair complex as an alternative explanation for the stable ORF2p nuclear complexes? The PCNA foci along with ORF2p could reflect the end repair required to complete insertion /heal the broken backbone presumably left by tprt-long after L1 RNA and (ORF1p) are gone. This concern also applies to the fifth paragraph of the Discussion section.

The fourth paragraph in the Discussion section suggests that there are at least two distinct complexes with ORF2p in the nucleus. \"Conversely, not all ORF2p nuclear foci overlap with PCNA sites, suggesting that L1 interaction with the replication fork may represent just one of several modes used by L1 to select a DNA target site and retrotranspose.\" It is not clear why presume this (or \"at least in some instances, retrotransposing L1 may specifically interact with a subset of perhaps stalled replication forks\"), since it is a well-established feature of DNA repair that single strand breaks in DNA (as caused by tprt) stall replication forks. Thus, the observed association seems more likely to be a consequence of nearly completed tprt than \"retrotransposing L1 specifically interacting with stalled forks during replication\".

Reviewer \#2:

L1 elements represent about 20% of the human genome and yet we still do not completely understand the formation of L1 RNPs and how the integration complex accesses the chromosomal DNA. The questions addressed in this ms are germane and the answers interesting. The Boeke laboratory is a leader in L1 biochemistry. Here they specifically address two key issues-the mechanism of localization of the L1 proteins encoded in the first and second open reading frames (ORFs) during the cell cycle in cells undergoing retrotransposition and the timing of retrotransposition itself. While the authors achieve a high level of reasonableness in their conclusions some rest on inferences from essentially negative results. Unfortunately, as authors note early in the manuscript, for technical reasons their conclusions may be most relevant to cells over-expressing L1 rather than cells in which native retrotransposition is occurring.

1\) L1 encoded proteins bypass active nuclear import during M phase. ORF1 is enriched in the nucleus in cells expressing the Cdt1 G1 marker, but is weakly detected and diffuse in cells expressing the geminin S/G2/M marker. Based on this the authors argue that if ORF1 is high in G1 and lower in G2/S/M then it must enter the nucleus in M. However, it appears concentrated rather than simply partitioned. This suggests that ORF1 actively associates with chromatin, an idea that is actually supported by [Figure 6A](#fig6){ref-type="fig"} (IP). If ORf1 does not localize to nucleus by binding chromatin, authors should explain how M phase actually partitions ORF1 to the G1 nucleus over the cytoplasm. Given the reliance on IF, authors should include negative controls under experimental conditions for cells not expressing ORF1 and ORF2. These could be included in Supplemental.

Authors then investigate the decrease in nuclear ORF1 from G1 to G2/S/M. Initially they propose ORF1 could be degraded or exported. They inhibit CRM1 with leptomycin and see an increase in nuclear ORF1. They conclude that CRM1 export of ORF1 is responsible for the lower level of nuclear ORF1 in cells in S/G2/M compared to G1 ([Figure 3](#fig3){ref-type="fig"}). There are several problems with this conclusion: (1) there is no attempt to be quantitative, or show a NES, or a control exported protein, so this leaves room for protein turnover to explain the observations in [Figure 3](#fig3){ref-type="fig"}; (2) it is notable that authors ignore a possible converse mechanism for high levels of nuclear ORF1 in G1, ie. low CRM1 activity (this could be tested with leptomycin treatment of cells blocked in G1-S-if reduced CRM1 activity is not involved ORF1 by IF should remain the same); (3) finally, although IF suggests a drop in nuclear ORF1 with progression from G1, the IP in [Figure 6](#fig6){ref-type="fig"} does not seem to support that as it shows nuclear ORF1 seeming to increase slightly or remain constant. Authors please comment.

2\) Retrotransposition peaks in S. Here authors initially present three possibilities: retrotransposition could occur in M, S, or G2, but only directly arrest cells for testing in M phase. Authors please clarify interpretation of the M phase arrest experiment. If retrotransposition is induced prior to arrest and occurs in the course of their experiment (Figure 4AB), assuming no retrotransposition in M phase cells, there should be decreasing retrotransposition with increasing time of arrest across the histogram chart in 4B from 0 to 21 h. Instead, retrotransposition remains constant or increases slightly with longer nocodazole arrest.

Authors use doxy induction followed by nocodazole/shakeoff to synchronize cells to initiate the cell cycle in M phase and then test for correlation between cell cycle and retrotransposition ([Figure 4C-F](#fig4){ref-type="fig"}). In this experiment the authors argue if there is no effect of cell cycle, then there will be a constant increase in retrotransposed cells and conversely if there is an effect, then retrotransposition will occur synchronously in the permissive phase of the cell cycle leading to a peak in the rate of accumulation of retrotransposed cells. However, there is no specific control for the effect of synchronous induction of L1 or the level of intermediates upon release from nocodazole arrest (ie. synchrony at the beginning could lead to synchrony at the time taken to complete retrotransposition). Implicit in authors\' argument is that intermediates have accumulated starting with nocodazole arrest and are poised to integrate. It should be simple to show that RNA and proteins are accumulating from 0 to 12 (during M, G0, G1) in the [Figure 4](#fig4){ref-type="fig"} experiment. One possibility is that they are at some equilibrium level obviating the synchronous induction problem.

The [Figure 5](#fig5){ref-type="fig"} experiment is clever and convincing but conclusions should be more clearly stated. This experiment shows a peak of newly-expressed reporter (blue) in S, but it is difficult to ignore what appear to be significant shoulders in G2/M. Authors emphasize the S phase peak. For example, in the Discussion section they state \".it is during the following S phase in which retrotransposition peaks ([Figure 4](#fig4){ref-type="fig"} and [Figure 5](#fig5){ref-type="fig"}). The finding that L1 retrotransposition has a strong bias for S phase is not surprising\" and the Abstract concludes similarly that retrotransposition \"peaks during S phase\". Readers might take from this that retrotransposition is restricted to S when in fact authors are only concluding that it peaks in S. There are several reasons to be careful about leaving readers with this impression. These authors have previously shown that L1 mutants affected in RT activity do not co-IP with PCNA, so that association with targets could occur before PCNA is present (ie not necessarily at replication forks). Also, PCNA is known to associate with repair sites as well as replication forks, so that the association with targets might not require an active replication fork. Consistent with that, in NHEJ mutants there are differences in L1 integration, consistent with L1 integration possibly occurring in association with DNA repair, potentially in G2. I think Goodier et al. did not identify PCNA in their MS report on the L1 interactome. Please comment on experimental conditions if known that could explain why Goodier did not see PCNA (or correct this impression!), given the justifiable importance placed on PCNA.

[Figure 6A](#fig6){ref-type="fig"}. Authors, please explain why nuclear ORF1 is not decreased in S and G2/M and why proteins are not increasing throughout since they are induced to be expressed and other proteins are presumably at steady state. Please comment on the significance of the fuzzy ORF1 band in nuclear soluble material. Is soluble ORF1 modified?

[Figure 7B](#fig7){ref-type="fig"}. MS data are presented to support the interaction between ORF2 and PCNA and indirectly the argument for S phase. However, according to Materials and methods section, 279 proteins that were identified for query in the STRING database were searched \" to identify known protein-protein interactions between these candidates\". This sounds as though [Figure 7B](#fig7){ref-type="fig"} only shows proteins known to interact with PCNA. In addition, two peptides allowing one or two missed sites is stated as the threshold, but MS data could better be presented as a probability to account for differences in recovery of peptides based on the size of the protein as well as the efficiency of recovery of larger peptides. This presentation of the data seems to have been somewhat filtered to support the PCNA replication fork thesis. Authors should better justify the threshold for reporting and at least in Supplemental show a ranked list of the 279 proteins identified in the two step IP-MS.

Reviewer \#3:

Mita et al. make some interesting observations regarding the dynamic nature of L1 retrotransposition during the cell cycle. Although these data are potentially of importance to the field, their presentation could be substantially improved and clarified, and it is necessary to avoid over-interpretation. Use of qualitative phrases like \"ORF1p is always mostly cytoplasmic\" and generalizations like \"ORF1p is never nuclear in cells in S/G2/M phase\"-the language is simultaneously too strong yet inexact. There were also some significant concerns relating to experimental design and interpretation that would need to be addressed prior to publication.

Specific points:

1\) 17% of the human genome is made up of L1 copies-please cite Lander et al., 2001.

2\) 5\'UTR with bidirectional promoter-please cite Speek, 2001, Swergold, 1990

3\) Open reading frames, 3\'UTR, general L1 structure-please cite Dombroski, 1991

4\) L1 cytoplasmic foci with stress granule proteins-please cite Doucet et al., 2010.

5\) The assertion that L1 ORF1p-containing cytoplasmic foci are \"presumed artefacts induced by non-physiological expression levels of ORF1p\" is highly debatable. Martin and Branciforte, (1993) demonstrate the formation of endogenous ORF1p foci in mouse embryonal carcinoma cell lines.

6\) [Figure 1D](#fig1){ref-type="fig"} immunofluorescence-quantitation?

7\) [Figure 2A](#fig2){ref-type="fig"}: Please provide a secondary antibody-only control to confirm that the ORF1p staining is specific and not due to background nonspecific staining. Supplemental images ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}) and movies containing confocal microscopy and z-stack movies should be mentioned explicitly in the text. Confocal images should also be provided to confirm the results in [Figure 2A](#fig2){ref-type="fig"} and definitively show co-localization of L1 proteins with Ctd1 and Geminin.

8\) [Figure 2C](#fig2){ref-type="fig"}: no quantitation is provided for results from the FUCCI system.

9\) [Figure 3B-D](#fig3){ref-type="fig"}: What is on the y-axis of these graphs? Percentages seem unlikely when compared to [Figure 3A](#fig3){ref-type="fig"}. Are they numerical cell counts? If so, how many total cells were analysed for each condition? How were the statistics done?

10\) [Figure 4B](#fig4){ref-type="fig"}: please include additional timepoints for nocodozole treatment lasting between 9 hours and 21 hours. There is a slight but non-significant increase in retrotransposition from 0-9 hours in nocodozole, and had cells been collected regularly after 9 hours the relative retrotransposition may have increased further. Compare [Figure 4B](#fig4){ref-type="fig"} to [Figure 4E](#fig4){ref-type="fig"}. In [Figure 4E](#fig4){ref-type="fig"}, the increase in retrotransposition during S-phase initiates between 10 and 15 hours after release from nocodozole. However, in [Figure 4B](#fig4){ref-type="fig"}, cells are only held in nocodozole and measured regularly for up to 9 hours. Also in [Figure 4B, a](#fig4){ref-type="fig"} relevant control would be to assess retrotransposition along the same timecourse with cells that had not been treated with nocodozole, to demonstrate an appreciable increase in GFP+ cells in a normally cycling population.

11\) Subsection "LINE-1 retrotransposition peaks during S phase", the third paragraph begins describing the fluorescent timer reporter system, and there is a sentence midway through the paragraph which discusses GFP expression upon doxycycline induction and refers to [Figure 5A](#fig5){ref-type="fig"} and [Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}. According to [Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"} this is a control to demonstrate the kinetics of doxycycline induced gene expression, but it seems completely out of context. Please rewrite to make this paragraph more clear.

12\) How long does it take for a newly-integrated engineered L1 insertion to result in detectable GFP (or FT) expression? If TPRT occurs during S-phase, would the cell actually \"turn green\" during S-phase? The kinetics of doxycycline-induced GFP expression in [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"} suggest that it takes around 3 hours from the time reporter gene expression is induced to achieve detectable expression in 50% of cells, and 8 hours to get detectable expression in 90% of cells. It seems that a similar delay would apply to expression of a reporter gene delivered by L1 retrotransposition.

10.7554/eLife.30058.041

Author response

> Essential revisions:
>
> Reviewer \#1:
>
> This manuscript was submitted as a companion to Malloy et al. although they are related and could possibly be merged into a single perhaps more robust report, I agree that as written these two co submitted datasets tell two separate but complementary stories that are strong enough to stand alone; this study provides exciting new information that addresses a controversy in the literature about whether LINE-1 retrotransposes in dividing or non-dividing cells and reports novel findings about the timing of different L1 intermediates across the cell cycle. The only major concern is that this work would be strengthened by co-identification/localization of L1 nucleic acid intermediates, ideally both RNA and cDNA, although this addition would be a major undertaking and should not be required before this substantial advance to the field can be shared. However, the lack of this information impacts and to some extent invalidates the conclusions as stated. My concerns are largely about the authors\' interpretations and conclusions, and not the quality or robustness of the data which are excellent.

We thank the reviewer for the helpful and positive comments. In answer to the reviewer's concerns we added data, performing L1 mRNA FISH and qPCR analysis following ORF2p and PCNA immunoprecipitations ([Figure 3](#fig3){ref-type="fig"} and [Figure 9](#fig9){ref-type="fig"}). The new results fit and strengthen our previous conclusions and show high levels of nuclear L1 mRNA in cells exiting mitosis ([Figure 3](#fig3){ref-type="fig"} and [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"} and [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}) and the binding of L1 mRNA to the ORF2p/PCNA complex ([Figure 9](#fig9){ref-type="fig"}). We also added all requested controls plus additional data using G1/S synchronization ([Figure 5](#fig5){ref-type="fig"}). Finally, we adjusted the main text to clarify and expand interpretations, especially concerning the role of the replication fork on the L1 life-cycle.

> In descriptions of [Figure 1](#fig1){ref-type="fig"}, it appears that nuclear ORF2p has a punctate pattern in the top panel, but a uniform distribution in the bottom panel, or if punctate, co localizing with ORF1p which also appears faintly punctate in the bottom panel nuclear staining. Also, the data in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"} with JH73 seems to show more punctate nuclear ORF1p staining, as does [Figure 2A](#fig2){ref-type="fig"} and the first movie. Either better images are required or the text needs to back off from the claim that there is only uniform, non-punctate ORF1p nuclear staining and that this is completely distinct from the pattern of ORF2p staining.

We agree to eliminate from the manuscript all comments regarding the differences between ORF1p and ORF2p punctate nuclear patterns as suggested.

> In light of the accompanying manuscript by Malloy, the conclusion (subsection "Analysis and quantification of ORF1p and ORF2p expression and cellular
>
> Localization") \"impaired in binding to ORF2p....most of the nuclear ORF1p species fail to bind ORF2p\" is somewhat misleading -- most of the ORF2p detected overall is not bound to ORF1p in the absence of RNA and the RNA is a crucial transposition intermediate.

In our previous paper (Taylor et al., 2013) we showed that ORF2p and ORF1p binding is RNA dependent (in vitrotreatment of L1 RNP with RNase abrogate co-immunoprecipitation of ORF1p and ORF2p); here (and in Molloy et al.) we show that a fraction of ORF2p does not colocalize/interact with ORF1p. Our IF staining and IPs with JH73g (that recognizes a nuclear form of ORF1p) and Molloy's GO term analysis of ORF2p not bound to ORF1p (and most likely still bound to L1 mRNA) both support the idea that the ORF2p-only fraction is nuclear. These points are emphasized in the Discussion section.

> Some of the cell cycle interpretations are questionable because: Cyclebase3.0 indicates that Cdt1 is max at the G1/S boundary, not G1 (as repeatedly noted), and geminin increases at the beginning of S but is maximal beginning mid-S through midG2, then declines again.

Many works have now used Cdt1 and geminin as markers of G1 and S/G2/M phase respectively (Aizer et al., 2013; Coleman et al., 2015; Sakaue-Sawano et al., 2008; Shiomi et al., 2014; Truong and Wu, 2011; Wohlschlegel et al., 2002; Zhao et al., 2014). Mechanistically, it is now known that Cdt1 is a key licensing factor that must be rapidly destroyed upon initiation of DNA replication. Geminin (GMNN) is a DNA Replication inhibitor that, together with absence of Cdt1, prevents spurious re-initiation of DNA replication during S/G2/M phase. Cdt1 and Geminin are highly regulated in the cell by post-translational modification and degradation by the Anaphase Promoting Complex (APC/C) in the case of Geminin and SCF-Skp2 complex in the case of Cdt1. Therefore, the critical factor is the protein (not mRNA) levels of Cdt1 and Geminin. We did check Cyclebase 3.0 for *CDT1* and *GMNN* (geminin) (we thank the reviewer for introducing us to this valuable resource) but found relevant data only on GMNN. Geminin transcripts, as mentioned by the reviewer, peak at early S, but the protein is expressed from late G1 to the end of mitosis rendering it a perfect marker for S/G2/M phases. The use of Geminin and Cdt1 as markers of S/G2/M and G1 are strongly corroborated by data on FUCCI cell lines (Bajar et al., 2016; Mechali and Lutzmann, 2008; Sakaue-Sawano et al., 2008; Sakaue-Sawano and Miyawaki, 2014). FUCCI cell lines use the "destruction" peptides from Cdt1 and Geminin conjugated to fluorophores for easy visualization of G1 and S/G2/M cell cycle stages respectively. We verified the expression of the proteins with live cell imaging and confirmed the previously published data. We are therefore confident that cells positively stained for Cdt1 are in G1 while cells positively stained for Geminin are in S/G2/M.

> Also, the effects of leptomycin treatment are less than 2x. These kinetics and results call into question the interpretation on p7 \"Following early G1, ORF1p is then exported to the cytoplasm.\"

We agree with the reviewer that the differences observed with leptomycin treatments are small but they are highly reproducible and have been repeated with several antibodies as presented in [Figure 4](#fig4){ref-type="fig"}. We attribute this absence of bigger effects to possible indirect roles of CRM1 in ORF1p nuclear export or the possible existence of multiple pathways for ORF1p export and/or degradation. Also, the technical difficulties of this type of experiment, i.e., treatment with low concentrations of leptomycin for a time allowing cells to go through at least one mitosis present a challenge. Treatments with higher concentrations of leptomycin induce inhibition of cell cycle progression and prevent cells from entering and exiting from mitosis that we know to be essential for entrance of L1 RNPs into the nucleus. We now present ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}), controls (MEK1-GFP) showing the effectiveness of this leptomycin regimen, as also requested by reviewer \#2. Finally, we stress another point strongly supporting our hypothesis that nuclear ORF1p cycles during the cell cycle. We have very clear results using FUCCI cell lines that show that no cells 4 in S phase present nuclear ORF1p staining ([Figure 2](#fig2){ref-type="fig"} and subsection "Analysis and quantification of ORF1p and ORF2p expression and cellular localization"). This outcome would be impossible if ORF1p did not cycle into the cytoplasm (and/or get degraded in the nucleus) after G1 phase in populations of cycling cells induced to express L1 for more than 24 hrs. Indeed, if nuclear ORF1p is not degraded or exported back into the cytoplasm after one cell cycle (\< 24h in HeLa cells) the protein localization of ORF1p would soon reach steady state and all cells would present nuclear ORF1p. This is clearly not the case (see Table in [Figure 4A](#fig4){ref-type="fig"}).

> Maybe instead TPRT occurs immediately prior to release of the cell cycle G1/S block (no reason to assume that block prevents ORF2 endo or RT function), ORF1p is displaced as RNA is copied to cDNA and then exported/degraded. This scenario is also consistent with the findings in [Figure 4](#fig4){ref-type="fig"} with the nocodazole block.

To make sure that retrotransposition did not initiate in late G1 we performed similar experiments to the one presented in [Figure 5A and B](#fig5){ref-type="fig"} but instead of using nocodazole we treated cells with mimosine or thymidine to analyze the effect of arrest at the G1/S boundary. The results presented in [Figure 5C](#fig5){ref-type="fig"}/D show no increase of retrotransposition with increasing time in late G1 supporting our idea that retrotransposition happens during S phase proper. This is also when PCNA joins the MCM complex to the replication fork. Interestingly, we observed a decrease in retrotransposition upon treatment with mimosine suggesting additional modes of L1 inhibition by this compound (see answer 7 to reviewer \#2).

Moreover, we know from sequencing of L1 insertions into the genome, that the number of successful retrotranspositions per cell are few (one-two per cell over a period of days). Follow up experiments to the data presented here have led us to believe that most of the L1 recruited to DNA produces "aborted" retrotransposition due to action of homologous recombination repair machinery and/or other inhibitors. Recruitment of L1 RNP to DNA is a distinct step that is necessary but not sufficient for successful TPRT. We therefore argue that if ORF1p leaves the L1 RNP only during productive TPRT, undetectably few molecules would exit the nucleus or be degraded. We don't think we could visualize that with standard fluorescence microscopy techniques such as those implemented here. Finally, if the reviewer's hypothesis were true, in cells presenting high nuclear ORF2p and no nuclear ORF1p as for the cell shown in the top panel of [Figure 1D](#fig1){ref-type="fig"}, all L1 RNPs should have gone through TPRT or at least one RT reaction to allow all ORF1p to be degraded or exported from the nucleus. This scenario seems unlikely given the overall inefficiency of retrotransposition. In our opinion, our results taken as a whole, are more easily explained by a general loss of ORF1p from nuclear L1 RNPs that is not directly linked to TPRT and probably precedes that step. This interpretation is strongly supported by the staining with JH73g antibody described in [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}. This antibody more specifically recognizes nuclear ORF1p that interacts less with ORF2p, supporting the existence of some still unknown difference between nuclear and cytoplasmic ORF1

> Major concerns regarding the conclusions of subsection "ORF2p binds chromatin and localizes at replication forks with PCNA during S
>
> Phase" \"Interestingly, as expected from our previous observations revealing that ORF1p is not necessarily in the complex(es) with chromatin bound retrotransposing L1RNPs, immunoprecipitation of ORF1p pulled down only a small amount of ORF2p, and also a smaller amount of MCM6 and PCNA proteins. These observations suggest that the retrotransposing L1 complex containing ORF2p, PCNA and components of the replication fork such as MCM6, are depleted of ORF1 proteins\". What is the evidence that the ORF2p-PCNA complex is a \"retrotransposing L1 complex\"? Minimally it is necessary to show that L1 RNA is there since that is a key intermediate in the complex undergoing active retrotransposition.

The reviewer correctly points out that we lack direct data to unequivocally confirm that the PCNA-ORF2p complex is the L1 retrotransposing complex. We perhaps prematurely "labeled" this complex as the retrotransposing complex for the following reasons:

\- ORF2p bound to PCNA is found on chromatin ([Figure 7C](#fig7){ref-type="fig"} and unpublished data from our laboratory aimed to identify ORF2p interacting proteins from cellular chromatin fractions using mass spectrometry analysis)

\- ORF2p with mutated PIP domain is retrotransposition incompetent (Taylor et al., 2013)

\- L1 RNPs isolated by ORF2p IP co-immunoprecipitating PCNA, are competent for in vitro LEAP and RT activity (Taylor et al., 2013)

\- As our new results show, the PCNA-ORF2p complex also contains L1 mRNA ([Figure 9D](#fig9){ref-type="fig"})

Unfortunately, to our knowledge, there is no published *in-vivo* or *in-vitro* method to demonstrate that the PCNA-ORF2p complex is the actual complex involved in TPRT. Our laboratory is heavily invested in trying to develop an in vitro TPRT assay that would measure the ability of a specific ORF2p complex to cut a target DNA, retro-transcribe L1 mRNA, and reinsert its cDNA into the target DNA. Despite some advances toward this goal we are currently unable to definitively and directly assay the "TPRT capability" of a specific protein complex in vitro or in vivo. Based on the available data previously published and presented in this manuscript and in the Molloy et al. co-submitted manuscript, the most likely complex to be a retrotransposing complex is one comprising ORF2p, L1 RNA and PCNA. We agree with the reviewer that, technically, defining the PCNA-ORF2p complex as the "L1 retrotransposing complex" is premature and therefore we changed our wording to "retrotransposition-competent complex" in the Discussion section and to "nuclear complex" in subsection "ORF2p binds chromatin and localizes at replication forks with PCNA during S phase" and "L1 possibly engaged in TPRT" in the Discussion section.

> Perhaps the ORF2 that lingers on the DNA with PCNA is simply stable with an interference complex, or a repair complex after all of the key tprt steps (cleavage of target and reverse transcription of the RNA) are completed. What evidence eliminates either a pre-tprt non-productive interference complex or a post-tprt repair complex as an alternative explanation for the stable ORF2p nuclear complexes? The PCNA foci along with ORF2p could reflect the end repair required to complete insertion /heal the broken backbone presumably left by tprt-long after L1 RNA and (ORF1p) are gone. This concern also applies to the fifth paragraph of the Discussion section.

The reviewer asks an excellent question that we would also re-phrase as: "is ORF2p recruited to chromatin by PCNA or is PCNA recruited to the site of retrotransposition by ORF2p?". In our previous work (Taylor et al., 2013) we showed that ORF2p EN or RT mutants do not interact directly with PCNA. Our unpublished data also show that the ORF2p PIP mutant, incapable of interacting with PCNA (Taylor et al., 2013) is still able to bind chromatin. These data suggest that retrotransposing ORF2p recruits PCNA to the 6 DNA. Then how do we justify ORF2p binding to the MCM complex? It is possible that ORF2p is recruited to the replication fork through another mechanism, and that after the initial steps of TPRT, interaction with PCNA, readily available at the replication fork, becomes essential for the completion/repair of the L1 reinsertion in the genome. Supporting this idea, we find ligase 1/LIG1 (that interacts with PCNA on replication fork and mediates ligation of the Okazaki fragments on the lagging strand) as an ORF2p interactor in chromatin bound fractions from cycling HeLa cells (unpublished data). We therefore hypothesize that PCNA is recruited to ORF2p after the endonuclease cleavage and right after RT engagement with L1 mRNA template but before completion of TPRT and final ligation of L1 cDNA into the genome. This would justify the fact that many molecules of PCNA strongly interact with ORF2p as judged by co-IP experiments ([Figure 9](#fig9){ref-type="fig"} and [Figure 8---figure supplement 1](#fig8s1){ref-type="fig"}).

Throughout the manuscript we never mentioned whether ORF2p is recruited by PCNA onto chromatin (or vice versa) because the model explained above is, in our opinion, still too speculative. We realize though that this approach may mislead the readers and therefore, to incorporate these more speculative aspects of our model, we added a paragraph to the Discussion section about this subject. We also modified our graphical abstract eliminating the arrow depicting retrotransposition that might mislead the readers into thinking that retrotransposition happened via PCNA-mediated recruitment of L1 onto host DNA.

> The fourth paragraph in the Discussion section suggests that there are at least two distinct complexes with ORF2p in the nucleus. \"Conversely, not all ORF2p nuclear foci overlap with PCNA sites, suggesting that L1 interaction with the replication fork may represent just one of several modes used by L1 to select a DNA target site and retrotranspose.\" It is not clear why presume this (or \"at least in some instances, retrotransposing L1 may specifically interact with a subset of perhaps stalled replication forks\"), since it is a well-established feature of DNA repair that single strand breaks in DNA (as caused by tprt) stall replication forks. Thus, the observed association seems more likely to be a consequence of nearly completed tprt than \"retrotransposing L1 specifically interacting with stalled forks during replication\".

The reviewer raised, again, a very interesting point that we are still investigating in our follow up work to this manuscript. Is ORF2p recruited specifically to stalled replication forks or is it the DNA nick made by ORF2p endonuclease that stalls the replication fork? In our present model both possibilities are plausible. The sentences in the manuscript cited by the reviewer only aim to explain why not all ORF2p chromatin foci observed in [Figure 9E](#fig9){ref-type="fig"} coincide with a PCNA focus. We have softened and clarified the concepts in the text (Discussion section).

We lean towards a model in which L1 RNPs are recruited to stalled replication forks, and not vice-versa, because of an experiment we performed treating cells with low concentrations of aphydicolin, a compound that induces stalling of replication forks. Upon treatment, retrotransposition is increased suggesting that the stalling caused retrotransposition and not that retrotransposition caused the stalling. One interpretation of these experiment is that L1 RNPs, dragged along with the replication fork, may use 7 stalling as a signal to start retrotransposition. This hypothesis would also explain the strong interaction between ORF2p, PCNA and MCM proteins reported here. In our opinion, collision of the replication fork to retrotransposing ORF2p seems less likely to survive two sequential IPs as presented in [Figure 9](#fig9){ref-type="fig"}.

The question, however, remains still open to future investigations.

We added more details about our model and about L1 chromatin recruitment in the Discussion section.

> Reviewer \#2:
>
> L1 elements represent about 20% of the human genome and yet we still do not completely understand the formation of L1 RNPs and how the integration complex accesses the chromosomal DNA. The questions addressed in this ms are germane and the answers interesting. The Boeke laboratory is a leader in L1 biochemistry. Here they specifically address two key issues-the mechanism of localization of the L1 proteins encoded in the first and second open reading frames (ORFs) during the cell cycle in cells undergoing retrotransposition and the timing of retrotransposition itself. While the authors achieve a high level of reasonableness in their conclusions some rest on inferences from essentially negative results. Unfortunately, as authors note early in the manuscript, for technical reasons their conclusions may be most relevant to cells over-expressing L1 rather than cells in which native retrotransposition is occurring.

We thank the reviewer for the insightful comments and for acknowledging the contribution of our manuscript. We gave extensive explanations about the logic that lead to our conclusions that we hope will convince the reviewer of the validity of our model. We also integrated several paragraphs in the main text to clarify our views as requested.

> 1\) L1 encoded proteins bypass active nuclear import during M phase. ORF1 is enriched in the nucleus in cells expressing the Cdt1 G1 marker, but is weakly detected and diffuse in cells expressing the geminin S/G2/M marker. Based on this the authors argue that if ORF1 is high in G1 and lower in G2/S/M then it must enter the nucleus in M. However, it appears concentrated rather than simply partitioned. This suggests that ORF1 actively associates with chromatin, an idea that is actually supported by [Figure 6A](#fig6){ref-type="fig"} (IP). If ORf1 does not localize to nucleus by binding chromatin, authors should explain how M phase actually partitions ORF1 to the G1 nucleus over the cytoplasm.

The reviewer brings up a very interesting point that we partially explored. ORF1p is a highly positively charged protein (unsurprising considering it is an RNA binding protein) and it likely engages in at least weak interaction with chromatin during M phase when ORF1p has access to DNA. Interestingly, a low percentage of L1 expressing cells transitioning through M phase shows a strong chromatin recruitment of ORF1p during metaphase. A distortion caused by a C-terminal GFP-tag on ORF1p strongly enhances such chromatin recruitment (unpublished data). Moreover, as the reviewer already noticed, we always observe chromatin recruitment of ORF1p upon cellular fractionation ([Figure 9](#fig9){ref-type="fig"} and [Figure 8---figure supplement 1](#fig8s1){ref-type="fig"}). We can see recruitment of ORF1p on chromatin even in the absence of ORF2p (expressing constructs lacking ORF2p) suggesting that ORF1p chromatin recruitment is independent of ORF2p and retrotransposition (unpublished data). We therefore lean towards the possibility that ORF1p has weak interactions with chromatin that facilitate the localization of L1 RNPs onto chromatin and the post-mitotic nuclear localization of L1. But the nuclear import of proteins lacking a nuclear localization signal is still poorly understood. It is accepted that proteins can be "trapped" in the nucleus during mitosis and after nuclear membrane reformation.

We added a paragraph about these interesting hypotheses in the Discussion section.

> Given the reliance on IF, authors should include negative controls under experimental conditions for cells not expressing ORF1 and ORF2. These could be included in Supplemental.

We added a new Supplementary figure to [Figure 1](#fig1){ref-type="fig"} ([Figure 1---figure supplement 4](#fig1s4){ref-type="fig"}) presenting the negative controls for our IF staining: secondary only controls and staining of non-expressing cells.

> Authors then investigate the decrease in nuclear ORF1 from G1 to G2/S/M. Initially they propose ORF1 could be degraded or exported. They inhibit CRM1 with leptomycin and see an increase in nuclear ORF1. They conclude that CRM1 export of ORF1 is responsible for the lower level of nuclear ORF1 in cells in S/G2/M compared to G1 ([Figure 3](#fig3){ref-type="fig"}). There are several problems with this conclusion: (1) there is no attempt to be quantitative, or show a NES, or a control exported protein, so this leaves room for protein turnover to explain the observations in [Figure 3](#fig3){ref-type="fig"};

As requested by the reviewer we added a Supplemental figure ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}) showing nuclear retention of a known CRM1 regulated protein (MEK1-GFP) in HeLa-M2 cells treated with leptomycin for different amounts of time. This serves as control showing that treatment of cells with leptomycin induces nuclear retention of CRM1 regulated proteins.

> \(2\) it is notable that authors ignore a possible converse mechanism for high levels of nuclear ORF1 in G1, ie. low CRM1 activity (this could be tested with leptomycin treatment of cells blocked in G1-S-if reduced CRM1 activity is not involved ORF1 by IF should remain the same);

The reviewer suggests that CRM1 levels and activity during the cell cycle may be responsible for the increased ORF1p we observed during early G1. We are not aware of CRM1 activity or cellular expression fluctuation during the cell cycle. Cyclebase 3.0 (Santos et al., 2015) reports CRM1/XPO1 mRNA expression peaking at the boundary of M / G1 and decreasing in late G1 /early S (a behavior opposite of what one would imagine if CRM1 level was regulating nuclear export of ORF1p in late G1/S). Also, protein expression of CRM1 is reported as high and constant during the whole cell cycles showing no fluctuation, suggesting that CRM1 cellular expression is probably not involved in ORF1p (and other proteins) nuclear localization.

Moreover, we are quite confident that the increased ORF1p in early G1 results from L1 RNPs entering the nucleus during mitosis. Several evidence types support this:

\- cells with high nuclear ORF1p staining are closer together compared to cells with cytoplasmic ORF1p suggesting that these cells recently exited mitosis ([Figure 1](#fig1){ref-type="fig"}).

\- our unpublished data on live cell imaging tracking ORF1p tagged with GFP clearly showed that ORF1p can get "trapped" in the nucleus upon transition through mitosis. Unfortunately, GFP seems to exacerbate ORF1p chromatin binding (see answer to question 1) rendering these results, in our opinion, less convincing than the ones presented in the manuscript.

> \(3\) finally, although IF suggests a drop in nuclear ORF1 with progression from G1, the IP in [Figure 6](#fig6){ref-type="fig"} does not seem to support that as it shows nuclear ORF1 seeming to increase slightly or remain constant. Authors please comment.

Please see response to question 9 of this reviewer.

> 2\) Retrotransposition peaks in S. Here authors initially present three possibilities: retrotransposition could occur in M, S, or G2, but only directly arrest cells for testing in M phase. Authors please clarify interpretation of the M phase arrest experiment. If retrotransposition is induced prior to arrest and occurs in the course of their experiment (Figure 4AB), assuming no retrotransposition in M phase cells, there should be decreasing retrotransposition with increasing time of arrest across the histogram chart in 4B from 0 to 21 h. Instead, retrotransposition remains constant or increases slightly with longer nocodazole arrest.

The cells treated with nocodazole are initially asynchronous (usually starting at about 40-50% G1, 20-30% S and 20-30% G2/M). Upon nocodazole treatment, cells in mitosis (about 10%) arrest while the rest proceed through the cell cycle to stop at mitosis. Mitotic cells are then collected by mechanical shake off (this point is now clarified in the Materials and methods section and the legend of [Figure 5](#fig5){ref-type="fig"}) and analyzed for% of GFP+ cells. In the 21 hrs considered for this experiment there is no time for a cell to go through more than one cell cycle (and thus through \>1 S phase) even in the case of no nocodazole treatment. This means that the presented experiment is assessing only retrotransposition in cells that spent increasing times in M phase upon nocodazole treatment going through just one S phase. If the experiments could be extended for more than 21 hrs (already a 11 time point showing increased cell death) retrotransposition would decrease compared to the control cycling population.

We also added to the revised manuscript similar analysis for cells synchronized in G1 phase by treatment with mimosine 1mM and thymidine 4mM ([Figure 5](#fig5){ref-type="fig"}).

> Authors use doxy induction followed by nocodazole/shakeoff to synchronize cells to initiate the cell cycle in M phase and then test for correlation between cell cycle and retrotransposition ([Figure 4C-F](#fig4){ref-type="fig"}). In this experiment the authors argue if there is no effect of cell cycle, then there will be a constant increase in retrotransposed cells and conversely if there is an effect, then retrotransposition will occur synchronously in the permissive phase of the cell cycle leading to a peak in the rate of accumulation of retrotransposed cells. However, there is no specific control for the effect of synchronous induction of L1 or the level of intermediates upon release from nocodazole arrest (ie. synchrony at the beginning could lead to synchrony at the time taken to complete retrotransposition). Implicit in authors\' argument is that intermediates have accumulated starting with nocodazole arrest and are poised to integrate. It should be simple to show that RNA and proteins are accumulating from 0 to 12 (during M, G0, G1) in the [Figure 4](#fig4){ref-type="fig"} experiment. One possibility is that they are at some equilibrium level obviating the synchronous induction problem.

The reviewer has concerns about possible effects of synchronization per se on retrotransposition. This was our concern when we designed experiments presented in [Figure 7](#fig7){ref-type="fig"} that analyzes cycling pools of cells without needing synchronization. The results obtained with the use of fluorescent timer-AI constructs, mirrored the results obtained synchronizing the cells with nocodazole so we deemed these latter experiments worthy of publication. A (less elegant) alternative would have been the use of other synchronization methods. Unfortunately, the only other synchronization methods that we are aware of are not as effective as nocodazole, allowing many cells to escape the block. Other approaches require sequential synchronizations and are not easily adapted to our retrotransposition assay.

Finally, we have no reason to believe that the expression of L1 (ORF1p) under the Tet-promoter is regulated by the cell cycle. We also show in [Figure 2---figure supplement 2D](#fig2s2){ref-type="fig"} that ORF2p is expressed equally in G1 or S/G2/M cells. We therefore exclude a cell cycle effect on ORF2p translation.

> The [Figure 5](#fig5){ref-type="fig"} experiment is clever and convincing but conclusions should be more clearly stated. This experiment shows a peak of newly-expressed reporter (blue) in S, but it is difficult to ignore what appear to be significant shoulders in G2/M.

In [Figure 5](#fig5){ref-type="fig"} (now [Figure 7](#fig7){ref-type="fig"}) we presented two experiments using cells expressing an ORFeus L1 with a fluorescent timer-AI cassette in its 3'UTR. Cells were treated for 24 h with doxycycline to induce expression of L1. In panel B, blue only cells (blue shaded histogram) and unstained cells from the same population (black and white histogram) were sorted and directly fixed in ethanol. The cells were then post-stained with propidium iodide to analyze the cell cycle stage of these cells. The result showed that blue-only cells (cells that completed retrotransposed within 3 hrs preceding sorting) accumulate mainly in S phase. In this setting we also observed a big shoulder of cells in G2/M phase as 12 pointed out by the reviewer. Therefore, we decided to use an experimental setting that does not require fixation and sorting but relies on the direct measurement of the cell cycle stage of different populations: non-fluorescent cells (black and white line), blue-only cells (blue shaded histogram) and blue cells with a very low red fluorescence (red shaded histogram). Using SYTO61 dye, that does not interfere with the fluorescent timer fluorescence, for the analysis of the cell cycle allowed us to easily gate the different cell populations and get a deeper insight into the big peak observed in panel A. We found that the peak shown in panel B actually consists of two sub-peaks: a peak of cells that are pure blue and in S phase and a peak of cells that progressed further into the cell cycle after retrotransposition and therefore display a blue/low red signal usually hidden by the background in analysis like the one shown in panel B. We therefore confirmed that retrotransposing cells are mainly in S phase.

To help clarify the logic behind the experimental design of [Figure 7A](#fig7){ref-type="fig"}/B) we added a few lines to the description of the figure in the Results section.

> Authors emphasize the S phase peak. For example, in the Discussion section they state \".it is during the following S phase in which retrotransposition peaks ([Figure 4](#fig4){ref-type="fig"} and [Figure 5](#fig5){ref-type="fig"}). The finding that L1 retrotransposition has a strong bias for S phase is not surprising\" and the Abstract concludes similarly that retrotransposition \"peaks during S phase\". Readers might take from this that retrotransposition is restricted to S when in fact authors are only concluding that it peaks in S. There are several reasons to be careful about leaving readers with this impression. These authors have previously shown that L1 mutants affected in RT activity do not co-IP with PCNA, so that association with targets could occur before PCNA is present (ie not necessarily at replication forks). Also, PCNA is known to associate with repair sites as well as replication forks, so that the association with targets might not require an active replication fork. Consistent with that, in NHEJ mutants there are differences in L1 integration, consistent with L1 integration possibly occurring in association with DNA repair, potentially in G2

Like reviewer \#1, this reviewer raises a very interesting point: is L1 recruited on chromatin by PCNA or, vice-versa, PCNA is recruited by L1 on the site of retrotransposition. We think that PCNA is recruited to the L1 complex bound to chromatin in late stages of TPRT after genomic DNA cut and initiation of L1 RT (please see response 7 to reviewer 1).

We do not think that the MCM proteins are found in complex with ORF2p and PCNA simply because of collision of the replication fork with the site of DNA damage created by L1 as already discussed in the responses to reviewer 1 (please see response 8 to reviewer 1). As mentioned in our previous response to reviewer 1 we added a paragraph to the Discussion section about this subject and also modified our graphical model ([Figure 10](#fig10){ref-type="fig"})

> I think Goodier et al. did not identify PCNA in their MS report on the L1 interactome. Please comment on experimental conditions if known that could explain why Goodier did not see PCNA (or correct this impression!), given the justifiable importance placed on PCNA.

Goodier et al., (2013) performed a quite extensive analysis of L1 ORF1p interacting proteins but did not examine the ORF2p interactome. Our data show that nuclear and chromatin bound ORF2p is in a complex with PCNA and MCM proteins and depleted of ORF1p.

> [Figure 6A](#fig6){ref-type="fig"} authors, please explain why nuclear ORF1 is not decreased in S and G2/M and why proteins are not increasing throughout since they are induced to be expressed and other proteins are presumably at steady state. Please comment on the significance of the fuzzy ORF1 band in nuclear soluble material. Is soluble ORF1 modified?

Nuclear fractionations (nuclei isolated and pelleted from low detergent or hypotonic buffer treated cells) are not as clean as chromatin fractions (proteins released from chromatin after micrococcal nuclease treatment). We therefore do not think that conventional fractionations can efficiently separate nuclear ORF1p from cytoplasmic ORF1p. We observed pelleting of cytoplasmic stress granules containing large amounts of ORF1p during nuclear fractionation, as shown by the G3BP1 marker in the chromatin fraction presented in [Figure 6](#fig6){ref-type="fig"} (now [figure 8---figure supplement 1](#fig8s1){ref-type="fig"}). In [figure 6](#fig6){ref-type="fig"} the nuclear fraction was presented for comparison with the chromatin fraction used for analysis. This is probably the reason why we could not observe differences in nuclear and cytoplasmic amount of ORF1p during the cell cycle in [Figure 6](#fig6){ref-type="fig"} (now [Figure 8](#fig8){ref-type="fig"}). A short explanation has now been added to the main text (subsection "LINE-1 retrotransposition peaks during S phase").

The presented blots show the expression of ORF2p, ORF1p and other proteins in two cellular fractions (chromatin and nuclear fraction) throughout one cell cycle. Other fractions have not been analyzed (cytoplasmic, membrane and "pellet" fraction). To analyze changes in overall expression of ORF1p and ORF2p all of the fractions should be summed or a total lysed fraction needs to be considered. Moreover, at time zero the cells have been already treated with doxycycline for 19 hours. In our experience, upon doxycycline treatment, the overall expression of L1 proteins reaches steady state after 20-24 hrs and therefore we don't think that differences in total expression would be observed in our experiment.

The apparent fuzziness of ORF1p in nuclear fractions comes from the fact that we presented a "low exposure" blot because of the very high expression of ORF1p in the nuclear fraction compared to chromatin fraction. We preferred to present a "lower exposure" to better show possible differences in ORF1p nuclear fractions throughout the cell cycle. We clarify also that we use measurement of direct band fluorescence with LiCor CLx to quantify our blots. This analysis is completely independent of "exposure" and therefore, how to present the considered blot, is simply a "stylistic decision".

> [Figure 7B](#fig7){ref-type="fig"}. MS data are presented to support the interaction between ORF2 and PCNA and indirectly the argument for S phase. However, according to Materials and methods section, 279 proteins that were identified for query in the STRING database were searched \" to identify known protein-protein interactions between these candidates\". This sounds as though [Figure 7B](#fig7){ref-type="fig"} only shows proteins known to interact with PCNA. In addition, two peptides allowing one or two missed sites is stated as the threshold, but MS data could better be presented as a probability to account for differences in recovery of peptides based on the size of the protein as well as the efficiency of recovery of larger peptides. This presentation of the data seems to have been somewhat filtered to support the PCNA replication fork thesis. Authors should better justify the threshold for reporting and at least in Supplemental show a ranked list of the 279 proteins identified in the two step IP-MS.

We previously demonstrated the direct interaction of ORF2p with PCNA through the PIP domain of ORF2p (Taylor et al., 2013). The Mass spectrometry analysis presented here was performed to identify additional proteins interacting specifically with the ORF2p/PCNA complex. Our main objective in performing this analysis was to better understand the role of PCNA in the L1 RNPs. As the reviewer mentioned, PCNA plays an important role in both DNA repair and DNA replication so we wanted to understand whether the ORF2p/PCNA complex had anything to do with DNA damage, DNA replication, both or neither. Therefore, we specifically looked in the obtained lists of ORF2p/PCNA interactors for proteins known to interact with PCNA leading us to a specific localization of the L1 RNP on chromatin. It was pretty clear to us, from the identification of the proteins reported in reviewed [Figure 9B](#fig9){ref-type="fig"} and from the validations in [Figure 9C and E](#fig9){ref-type="fig"}, that other replication fork proteins are associated, suggesting that the fork itself plays a role in the L1 life-cycle. We therefore validated the interaction of MCM6 to L1 proteins by conventional IP-Western analysis ([Figure 9C](#fig9){ref-type="fig"}). Our finding, of L1 interacting with the replication fork fits well with data showing retrotransposition occurs mainly during S.

The peptide and protein IDs were filtered using a 1% peptide and protein False discovery rate (FDR) when searched against a decoy database as specified in the Materials and methods section. In addition, we added an extra filter and required at least 2 unique peptides per protein before we considered it ID'd. This is an established standard in the mass spectrometry field. Likewise, using spectral counts as a measure of the relative abundance of a protein in 2 different samples is common practice in the field as accepted for comparative proteomics.

We agree with the reviewer that it would be beneficial to show all the data and therefore attached a new supplementary file (Supplementary file 2) that shows the result output for all 4 affinity purifications. The entire dataset is also available at Massive and ProteomXchange under accession numbers MSV000081124 and PXD006628 respectively.

We also added the number of identified proteins in the main text (subsection "LINE-1 retrotransposition peaks during S phase") to avoid misleading readers into thinking that the proteins presented in [Figure 9B](#fig9){ref-type="fig"} were the only ones identified.

We realized that the numbers reported in the "mass spectrometry analysis" material and methods were referring just to one of the two MS analyses. We corrected this oversight.

> Reviewer \#3:
>
> Mita et al. make some interesting observations regarding the dynamic nature of L1 retrotransposition during the cell cycle. Although these data are potentially of importance to the field, their presentation could be substantially improved and clarified, and it is necessary to avoid over-interpretation. Use of qualitative phrases like \"ORF1p is always mostly cytoplasmic\" and generalizations like \"ORF1p is never nuclear in cells in S/G2/M phase\"-the language is simultaneously too strong yet inexact. There were also some significant concerns relating to experimental design and interpretation that would need to be addressed prior to publication.

We thank the reviewer for the deep analysis of our results and the help in making our manuscript more thorough and clear. We added new images and clarifications that show all requested controls and we hope allay reviewer concerns.

> Specific points:
>
> 1\) 17% of the human genome is made up of L1 copies-please cite Lander et al., 2001.

We added the suggested reference.

> 2\) 5\'UTR with bidirectional promoter-please cite Speek, 2001, Swergold, 1990

We added the suggested reference.

> 3\) Open reading frames, 3\'UTR, general L1 structure-please cite Dombroski, 1991

We added the suggested reference.

> 4\) L1 cytoplasmic foci with stress granule proteins-please cite Doucet et al., 2010.

We added the suggested reference.

> 5\) The assertion that L1 ORF1p-containing cytoplasmic foci are \"presumed artefacts induced by non-physiological expression levels of ORF1p\" is highly debatable. Martin and Branciforte, (1993) demonstrate the formation of endogenous ORF1p foci in mouse embryonal carcinoma cell lines.

We softened the sentence in which we refer to L1 cytoplasmic foci and added references to paper supporting their physiological role in L1-life cycle.

> 6\) [Figure 1D](#fig1){ref-type="fig"} immunofluorescence-quantitation?

[Figure 1D](#fig1){ref-type="fig"} shows a subset of cells quantified in [Figure 1A and B](#fig1){ref-type="fig"} which show representative fields. [Figure 1D](#fig1){ref-type="fig"} was meant to show the range of ORF1p and ORF2p localizations (both cytoplasmic, ORF2p nuclear ORF1p cytoplasmic etc.) in cells. We think the presentation of both [Figure 1A](#fig1){ref-type="fig"} (and its quantification) and [Figure 1D](#fig1){ref-type="fig"} is a more "honest" approach, instead of presenting just pictures in line with our conclusions.

> 7\) [Figure 2A](#fig2){ref-type="fig"}: Please provide a secondary antibody-only control to confirm that the ORF1p staining is specific and not due to background nonspecific staining. Supplemental images ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}) and movies containing confocal microscopy and z-stack movies should be mentioned explicitly in the text. Confocal images should also be provided to confirm the results in [Figure 2A](#fig2){ref-type="fig"} and definitively show co-localization of L1 proteins with Ctd1 and Geminin.

We added a new Supplementary figure with all the corresponding negative controls for the presented IF staining ([Figure 1---figure supplement 4](#fig1s4){ref-type="fig"}). We clearly mention the movies and confocal images in the main text as suggested by the reviewer. We added a new supplementary figure ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}) to include confocal images of [Figure 2A](#fig2){ref-type="fig"} as requested by the reviewer.

> 8\) [Figure 2C](#fig2){ref-type="fig"}: no quantitation is provided for results from the FUCCI system.

We did not provide quantification of FUCCI cell staining because, of all cells counted (3309), no cells with green nuclei (cells in S/G2/M) showed nuclear ORF1p. We were on the other hand able to find cells (80) with clear nuclear staining and red nuclei (in G1). The strong sentence "ORF1p is never (0/3309 cells counted) nuclear in cells in S/G2/M phase\" is therefore just the product of a "strong" /very clear result. We added the numbers to the main text to make the description more quantitative (subsection "Analysis and quantification of ORF1p and ORF2p expression and cellularlocalization").

> 9\) [Figure 3B-D](#fig3){ref-type="fig"}: What is on the y-axis of these graphs? Percentages seem unlikely when compared to [Figure 3A](#fig3){ref-type="fig"}. Are they numerical cell counts? If so, how many total cells were analysed for each condition? How were the statistics done?

The label of the y-axis in the graphs in [Figure 3B](#fig3){ref-type="fig"} (now [Figure 4B](#fig4){ref-type="fig"}) has been added (% of cells with nuclear ORF1p). As mentioned in subsection "ORF1p enters the nucleus during mitosis" and in subsection"Quantification of ORF1p and ORF2p cellular localization", [Figure 3A](#fig3){ref-type="fig"} (now [Figure 4A](#fig4){ref-type="fig"}) data were automatically acquired and analyzed by Arrayscan and Image Studio HCS software. This approach eliminates user biases but needs more stringent thresholds for specifying nuclear ORF1p because of the bright and high expression of ORF1p in the cytoplasm that easily interferes with automated analysis of the pictures.

As for all quantifications of L1 protein presented in the manuscript, the statistics were done using two tailed T-test on at least 1000 cells counted from each of at least 3 different preparations. As reported in the material and method section: "Quantification of cellular localization of ORF1p and ORF2p" was performed counting more than 1000 cells in three different cell preparations. For each experiment, LED intensity, camera gain and exposure were kept constant and set so that background fluorescence was negligible using a negative control sample (cells not expressing L1) that will have no signal using the chosen setting".

> 10\) [Figure 4B](#fig4){ref-type="fig"}: please include additional timepoints for nocodozole treatment lasting between 9 hours and 21 hours. There is a slight but non-significant increase in retrotransposition from 0-9 hours in nocodozole, and had cells been collected regularly after 9 hours the relative retrotransposition may have increased further. Compare [Figure 4B](#fig4){ref-type="fig"} to [Figure 4E](#fig4){ref-type="fig"}. In [Figure 4E](#fig4){ref-type="fig"}, the increase in retrotransposition during S-phase initiates between 10 and 15 hours after release from nocodozole. However, in [Figure 4B](#fig4){ref-type="fig"}, cells are only held in nocodozole and measured regularly for up to 9 hours.

Comparisons between [Figure 4B and 4E](#fig4){ref-type="fig"} (now [Figure 5B and 5E](#fig5){ref-type="fig"}) cannot be made because the experiments in B were done treating cells for increasing times of nocodazole while experiment E shows retrotransposition after release into the cell cycle upon synchronization for 12 hrs with nocodazole. In [Figure 4B](#fig4){ref-type="fig"} (now [Figure 5B](#fig5){ref-type="fig"}) there are actually no significant differences. We expanded the figure in any case (now [Figure 5](#fig5){ref-type="fig"}) to incorporate treatments with thymidine and mimosine that block cells in late G1/early S phase before DNA replication.

> Also in [Figure 4B, a](#fig4){ref-type="fig"} relevant control would be to assess retrotransposition along the same timecourse with cells that had not been treated with nocodozole, to demonstrate an appreciable increase in GFP+ cells in a normally cycling population.

As shown in the schematic in [Figure 4A](#fig4){ref-type="fig"} (now [Figure 6A](#fig6){ref-type="fig"}) the experiment is set up to specifically ask if increased times in treatments with a synchronization agent (nocodazole, mimosine or thymidine as in the revised manuscript) can affect retrotransposition compared to untreated cells (please see also response 5, reviewer \#2). The samples are therefore all dox-treated, collected and analyzed together at the end of the experiment. Consequently, having an untreated well for each time point would have resulted in having 6 different replicate wells untreated with synchronization agent at the moment of analysis. The control the reviewer is asking is actually presented in [Figure 4F](#fig4){ref-type="fig"} (now [Figure 6F](#fig6){ref-type="fig"}) in which the increase of retrotransposition of cells not synchronized with nocodazole (or any other agents) is shown.

> 11\) Subsection "LINE-1 retrotransposition peaks during S phase", the third paragraph begins describing the fluorescent timer reporter system, and there is a sentence midway through the paragraph which discusses GFP expression upon doxycycline induction and refers to [Figure 5A](#fig5){ref-type="fig"} and [Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}. According to [Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"} this is a control to demonstrate the kinetics of doxycycline induced gene expression, but it seems completely out of context. Please rewrite to make this paragraph more clear.

Quantification of the dynamics of GFP expression presented in [Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"} (now [Figure 7---figure supplement 1A](#fig7s1){ref-type="fig"}) aims to provide insight into the time needed for a fluorescent protein to be transcribed, translated and detected. We wanted to show that, given a successful retrotransposition, transcription and translation of a fluorescent reporter can occur within less than 3 h, maning retrotransposition was completed within the past 3 hours. With the presented measurements we showed that the expression from the CMV promoter is fast enough to allow detection of FT proteins still emitting blue light because they did not yet mature into red emitting proteins. In other experiments we used a weaker promoter (UBC) to drive the expression of the FT-AI in the L1-FT-AI constructs. Using these constructs, we were unable to identify blue cells. Only red cells were found in the L1 expressing and retrotransposing cell population, suggesting that the time necessary for the retrotransposed FT-AI gene to be transcribed, translated and accumulate to a measurable amount was longer than 3 h (the time of 19 maturation of the FT proteins from blue to red). These experiments also suggest that the strength of the promoter used to drive the AI reporter is an important parameter to consider if studying time of retrotransposition. We rewrote the paragraph to clarify the logic behind measurements of timing of GFP expression (subsection "LINE-1 retrotransposition peaks during S phase").

> 12\) How long does it take for a newly-integrated engineered L1 insertion to result in detectable GFP (or FT) expression? If TPRT occurs during S-phase, would the cell actually \"turn green\" during S-phase? The kinetics of doxycycline-induced GFP expression in [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"} suggest that it takes around 3 hours from the time reporter gene expression is induced to achieve detectable expression in 50% of cells, and 8 hours to get detectable expression in 90% of cells. It seems that a similar delay would apply to expression of a reporter gene delivered by L1 retrotransposition.

Yes! As mentioned in the previous response we measured GFP expression timing to try to quantify the time needed for a newly-integrated engineered L1 insertion to result in detectable GFP (or FT) expression. The mere fact we are able to observe blue-only cells demonstrates that translation and accumulation of protein from a retrotransposed FT gene occurred within less than 3 hrs. Our experiments using Tet-CMV-GFP expression show that transcription, translation and accumulation of GFP can occur in less than 3 hrs. As reported \#11 above, to observe blue-only cells, use of a strong promoter such as CMV to drive FT is necessary and our measurements of FT expression timing indicate that transcription from CMV is fast enough to produce visible proteins \<3 h. Our measurement upon nocodazole synchronization and release show that cells transition through S in about 5-6 h. Considering our new experiments ([Figure 5](#fig5){ref-type="fig"}) showing that increasing the time the cells spend in G1 (or G1/S boundary) does not increase retrotransposition ([Figure 5C and D](#fig5){ref-type="fig"}), we conclude that retrotransposition and the events necessary for its detection (transcription, translation and accumulation of the fluorescent-AI reporter) can all occur in S phase.
